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ABSTRACT
Mg-based metal matrix nanocomposites (MMNCs) with mechanical properties,
superior to those of coarse-grained composites, are promising structural materials for
applications in the automotive and aerospace industries. The research in this area was
primarily focused earlier on either micro-scaled reinforcements or nano-scaled
reinforcements with very low volume fractions. MMNCs with high volume fractions have
not been explored yet. In this research, we study the processing, microstructures and
properties of MMNCs containing ceramic nanoparticles up to 30 vol.%.
We first investigated the mechanical alloying of Al2O3 nanoparticles and pure Mg
under high-energy ball milling conditions. The phase evolution and their distribution
were evaluated as a function of milling time. Then, the thermal stability of the formed
nanocomposites was investigated by annealing it at high temperatures. It indicated that
an exchange reaction had occurred to a large extent between Mg and Al2O3 resulting in
the formation of Al and MgO phases. Additionally, the reaction between Al and unreacted Mg led to the formation of Mg-Al intermetallics.
Due to the reaction between Mg and Al2O3 during the milling and annealing
process, we attempted to synthesize Mg/SiC nanocomposites. The mixed powders
containing 0, 5, 10 and 15 vol.% SiC were produced by high energy ball milling and then
the powders were consolidated via spark plasma sintering. The phase constitutions and
microstructures of the Mg/SiC nanocomposites were characterized. SiC nanoparticles
(average particle size ~14 nm) appear to be homogeneously dispersed within the matrix,
iii

and the average inter-particle spacings of all the Mg/SiC nanocomposites were smaller
than 50 nm. Microscopic methods, even at high magnifications did not reveal any
significant porosity in the as-processed MMNCs.
Mechanical characterization of the Mg/SiC nanocomposites was conducted using
the microindentation test. Besides the microhardness test, different intermediate pause
times and loading rates were used to evaluate the stiffness and loading rate sensitivity
of our samples. The abnormal microhardness and loading rate sensitivity were showed
for the Mg-15 vol.% SiC samples. At the same time, the monotonic increase of stiffness
with volume fraction was exhibited in the Mg/SiC nanocomposites.
Finally, we investigated the quasi-static and dynamic response of Mg/SiC
nanocomposites and microcomposites, and discussed the underlying mechanisms.
Strain softening was noticed in the milled Mg sample under quasi-static compression.
Similarly, the strengthening effect leveling off was also observed in the Mg-15 vol.% SiC
samples under either quasi-static or high-strain rate uniaxial compression conditions. No
significant plastic deformation was observed in the Mg/SiC nanocomposites. The
estimated strain rate sensitivity of all the Mg/SiC nanocomposites in this work was
around 0.03, which is much smaller than 0.3 and 0.6, observed for 100 nm and 45 nm
grain size pure Mg individually. In particular, the existing models fail in predicting the
inverse volume fraction effect, and other mechanisms are yet to be explored. The
presence of SiC nanoparticles may play an important role that leads to this difference.

iv
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CHAPTER ONE: INTRODUCTION
1.1 Overview
Lightweight materials are always attractive for automotive and aerospace
industries since weight reduction can lead to reducing fuel consumption, improving fuel
efficiency, as well as reducing greenhouse gas emission

1, 2, 3, 4, 5, 6

. Both commercial and

military customers have paid considerable attention to develop lightweight materials.
Comparing with other commonly used metals, magnesium is the lightest
structural metal with a density of only 1.74 g/cm3, which is two-thirds of that of
aluminum (2.7 g/cm3), about one-third of that of titanium (4.51 g/cm3), and less than
one-fourth of that of steel (7.9 g/cm3). However, application of Mg has been limited by
its low corrosion resistance and relatively poor mechanical properties, such as low
elastic modulus, low strength, poor room temperature ductility and toughness, rapid
loss of strength with temperature, and poor creep resistance 5.
Appropriate surface coatings have been developed to enhance the corrosion
resistance of Mg and Mg alloys. However, further efforts are still needed to pursue costeffective and mass-production technologies for improving the corrosion resistance of
Mg alloys 7.
Alloying additions of Al, Zn, Mn, Si, Zr and other elements

8, 9, 10, 11

have been

made to Mg to improve its mechanical properties. The mechanical properties of Mg
alloys have also been improved by forming texture. It has been shown that wrought Mg

1

alloys have higher ductility and texture in the deformation direction, leading to an
increase in the tensile strength

8, 9, 10, 12, 13, 14, 15, 16, 17, 18

. However, the mechanical

properties of Mg alloys suffer severe degradations at high temperatures, which limit
them from many important applications 8, 10, 19.
Another attractive way to improve the mechanical behavior of Mg materials is to
form Mg-based metal matrix composites (MMCs)

8, 9, 19, 20, 21, 22, 23, 24

. MMCs exhibit

several advantages over pure metals and alloys, especially their ability to retain the
mechanical properties at elevated temperatures. Particle reinforced MMCs have
attracted considerable attention due to their relatively low cost of fabrication and the
reinforcement materials

3, 20, 21, 22

, as compared with fibers, whiskers and carbon

nanotubes (CNTs). The mechanical properties of particle reinforced composites are
determined by their microstructural parameters, such as volume fraction, particle size,
and inter-particle spacing. By assuming that particles of cubic shape are periodically
spaced in a simple cubic lattice, the relationship amongst these parameters can be
expressed as 25:
√

,

(1)

where λ is inter-particle spacing, d is particle size, and fv is volume fraction of the
reinforcements. From the above equation, one could see that when fv > 12.5 vol.%, the
inter-particle spacing can be reduced to less than the particle size itself.
When large ceramic particles (a few to several hundred micrometers in size) are
used as reinforcements, λ will be at micrometer scale. It has been well understood that
the strengthening mechanism of these materials is due to the “geometrically necessary
2

dislocations”

26, 27

resulting from the differences in the elastic modulus and coefficients

of thermal expansion (CTE) between the matrix and ceramic reinforcements.
Unfortunately, the addition of micron-scale ceramic particles usually deteriorates the
ductility of Mg and Mg alloys, which limits the use of Mg-based MMCs 28, 29, 30, 31, 32, 33, 34,
35, 36, 37, 38, 39, 40, 41, 42

.

It is believed that Mg-based metal matrix nanocomposites (MMNCs) (reinforced
by nanometer-sized particles which less than 100 nm in size) can significantly improve
the mechanical properties while retaining the ductility of the Mg matrix 24, 39, 43, 44, 45, 46, 47,
48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66

. Previous research on Mg-based MMNCs

was primarily focused on low concentrations of nanometer-sized ceramic particles (not
more than 5 vol.%). The values of λ were at submicrometer or nanometer scale, and
much larger than the particle size itself. The strengthening mechanism of these
materials is believed to be Orowan pinning

67

. However, Mg-based MMNCs, which

consist of a high volume fraction of nanometer-sized reinforcements, have not been
investigated yet, where the inter-particle spacing is not only at nanometer scale, but
also close to or less than the particle size itself.

1.2 Outline of the Dissertation
This dissertation is organized as follows:
Following this chapter, Chapter 2 provides the background information, where
processing

methods,

mechanical

properties,
3

deformation

and

strengthening

mechanisms of Mg-based MMNCs are introduced. The method for synthesizing high
volume fraction Mg-based nanocomposites is studied in Chapter 3. The phase
constitutions and microstructures are also characterized. Chapter 4 is devoted to
microindentation test of Mg/SiC nanocomposites. The following chapter focuses on the
quasi-static and dynamic compression behavior of Mg/SiC nanocomposites. Finally, the
general conclusions obtained from the results are presented in Chapter 6.

4

CHAPTER TWO: LITERATURE REVIEW
2.1 Processing Methods
Dispersing of nanoparticles uniformly in metal matrices is a huge challenge for
processing MMNCs due to the large surface-to-volume ratio and low wettability in metal
melts of nanoparticles, and exacerbated by the agglomeration and clustering of
nanoparticles. Conventional processing methods such as stir casting

68

and powder

metallurgy 45, 64, 69 run into problems to distribute and disperse nanoparticles uniformly
in the metal matrix. Non-conventional processing techniques, including high-energy ball
milling, disintegrated melt deposition (DMD), and ultrasonic cavitation-based casting
have been developed to fabricate bulk Mg-based nanocomposites. The method of
friction stir processing (FSP) has been applied lately to incorporate nano-sized ceramic
particles into Mg-based matrices 70, 71.

2.1.1 High-energy Ball Milling
High-energy ball milling (also known as mechanical alloying (MA) where alloying
takes place between the constituent materials) was shown to be an effective method
capable of producing MMNCs 72. It is conducted in a mixer mill by repeated collisions of
the grinding medium in the milling container. At first, the pure component powders of
matrix and reinforcement, in the desired volume fractions, are weighed under argon
atmosphere inside a glove box to minimize any contamination resulting from handling
5

powders in the atmosphere. To prevent agglomeration, any unwarranted and excessive
cold welding of powder particles, a process control agent (such as stearic acid) is added
to the powder mixture. Then, the powder mixture and the balls are loaded and sealed
into the vials inside the argon-filled glove box, with a ball-to-powder weight ratio of
about 10 ~ 20 : 1. The vials are then fixed in the mixer mill and the powder is milled until
uniform distribution of the components is achieved. During milling, the powder particles
go through the repeated sequence of cold welding, fracturing, and rewelding

73

. The

ceramic particles then get intimately mixed with the metallic particles during the
process. The size of the composite particles also gets refined during the milling process.
A balance can be achieved between the welding and fracturing after a certain time,
leading to a steady-state particle size distribution. The continuous milling beyond this
stage still helps to refine the grain structure and improve the uniformity of dispersion. A
high degree of uniform dispersion of the reinforcement is likely to be achieved by the
repeated collisions between the grinding medium and the powders. One of the
disadvantages of MA is that it usually takes a long time. Because of this it is possible that
the milled powder could get contaminated. However, when dealing with materials
containing oxides, this should not be a serious problem.
The resultant nanocomposite powders can be consolidated through a number of
consolidation processes such as hot pressing 74, microwave sintering

48, 49, 55, 75, 76

, spark

plasma sintering (SPS) 77, 78, 79, 80, and extrusion 69, 81, 82.
High-energy ball milling has been used firstly to form of Mg-based
nanocomposites with nanometer-sized alumina in 1997
6

81

. Mg reinforced with 1 vol.%

Al2O3 nanoparticles was fabricated via milling and hot extrusion. In addition, Mg-based
nanocomposites with in-situ nanoparticles, such as TiC 83 , TiH2 84, 85, and AlN 86, 87, have
been developed via high-energy ball milling. It has been verified that high-energy ball
milling can distribute and disperse high volume fraction nanoparticles uniformly in the
Al matrix 88.
The major difficulty in the synthesis of Mg-based MMCs, especially via high
energy ball milling, is the high reactivity of Mg matrix

30

. First of all, the formation of

MgO film at the interface of Mg matrix and ceramic reinforcement can cause
degradation of mechanical properties of the nanocomposites. Usually, the MgO phase
may form due to the surface oxidation of the Mg particles during milling or during
consolidation process. The oxygen atoms were introduced by the milling conditions or
from oxides such as Al2O3 and SiO2. However, dispersed nano-sized MgO particles
improved the thermal stability, hardness, yield and tensile strengths, and modulus of
the nanocomposites relative to the Mg matrix 89. Additionally, the interfacial reactions
between Mg matrix and reinforcements such as SiC and Al2O3, will generate secondary
phases Mg2Si, A112Mg17, and MgAl2O4 which are expected to cause embrittlement of the
nanocomposites, and degrade the mechanical properties.

2.1.2 Disintegrated Melt Deposition (DMD)
Disintegrated melt deposition combines the advantages of the cost effectiveness
associated with conventional casting process and the scientific innovativeness and
technological potential associated with spray processes
7

90

. For the synthesis of

magnesium-based composites, it involves heating matrix material and reinforcement to
750 °C in an inert Ar gas atmosphere in a graphite crucible using a resistance heating
furnace. The crucible is equipped with an arrangement for bottom pouring. Upon
reaching the superheat temperature, the molten slurry is stirred for 5 min at 450 rpm
using a mild steel impeller with twin blade (pitch 45°). The impeller is usually coated
with Zirtex 25 (86% ZrO2, 8.8% Y2O3, 3.6% SiO2, 1.2% K2O and Na2O, and 0.3% trace
inorganic) to avoid iron contamination of the molten metal. The melt is then released
through a 10 mm diameter hole at the base of the crucible. The composite melt is then
disintegrated by two jets of argon gas orientated normal to the melt stream. The argon
gas flow rate is normally maintained at 25 L/min. The disintegrated composite melt
slurry is subsequently deposited onto a circular-shaped metallic substrate in the form of
cylindrical ingot. Unlike spray process, the DMD technique employs higher superheat
and lower impinging gas jet velocity with the end product being only bulk composite
materials 90, 91.
It has been shown that DMD coupled with hot extrusion is a suitable processing
method for making Mg-based nanocomposites. Nanometer-sized Al2O3 39, 43, 45, 58, 92, 93,
MgO 89, Y2O3 46, 64, 94, 95, ZrO2 96, and CNT 97 have been used as reinforcements to enhance
the mechanical properties of Mg-based nanocomposites. It has been demonstrated that
DMD processing can result in uniform distribution of reinforcement particulates in Mg
and Mg alloy matrices, significant grain refinement of the magnesium matrix, and
minimal porosity. In addition, elemental titanium

98

and nickel

99

reinforced Mg

composites via DMD processing have shown improved ductility. In order to gain
8

excellent mechanical properties, DMD was also employed to disperse hybrid
reinforcements in Mg-based matrix, such as Y2O3 + Cu

62

, Al2O3 + M (Al

101

,

Cu 102, 103, 104, Ca 56, 105, Ni 106), as well as hybrid CNT with ceramic particles 107, 108. The 2%
Y2O3 (with a size range from 32 to 36 nm) was the highest volume fraction of
reinforcement in Mg nanocomposites via DMD processing 95 reported in literatures.

2.1.3 Ultrasonic Cavitation Based Solidification
In order to achieve a uniform dispersion and distribution of nanoparticles in
magnesium matrix nanocomposites, a new technique that combined solidification
processes with ultrasonic cavitation based dispersion of nanoparticles in metal melts
had been developed

109, 110, 111

. It is envisioned that strong micro-scale transient

cavitations, along with macroscopic streaming, might effectively disperse nanoparticles
into alloy melts and also enhance their wettability, thus making the production of ascast high performance Mg-based nanocomposites feasible 110. Ingots of matrix material
were melted in a stainless steel crucible, with the melt being protected under a
N2-0.2% SF6 gas mixture. After melting, the pre-treated reinforcements were added to
the melt, in the chosen volume fraction. A high intensity ultrasonic wave was used to
process MMNCs melts. In order to generate adequate dispersion effects an ultrasonic
wave with 4 kW power and 20 kHz frequency was used and the processing temperature
was controlled at 650 °C. The melts were processed for 600 s and then they were
heated up to 680 - 700 °C and cast into permanent steel molds coated with a protective
ceramic compound.
9

Ultrasonic cavitation based solidification has shown great potential in dispersing
nanoparticles in the magnesium melt. Former investigations indicate that AlN
SiC

53, 59, 63, 109, 110, 112, 113, 114, 115, 116, 117

52

and

nanoparticles could be uniformly distributed in the

solid castings. Cao et al. reported that Mg nanocomposites was successfully fabricated
by ultrasonic cavitation based dispersion of 4 vol.% SiC (~50 nm) nanoparticles in Mg
melts 115. However, agglomerates of SiC nanoparticles along the grain boundaries were
observed

115, 117

. The number of SiC microclusters increased as the volume fraction of

the nanoparticles increased.

2.2 Mechanical Properties
2.2.1 Modulus, Strength, and Microhardness
Most studies have shown that nanometer-sized ceramic particles can
significantly increase the Young’s modulus, yield strength, ultimate tensile strength and
hardness of Mg-based matrix

24, 39, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65,

66, 68, 69, 75, 83, 84, 85, 89, 92, 93, 94, 95, 96, 101, 109, 112, 114, 115, 116, 118

. Hassan et al. 43 reported that the

modulus was increased by 20% when 1.11 vol.% Al2O3 nanoparticles of ~50 nm were
added into the Mg matrix. Goh et al. 89 revealed that the modulus was increased 35% by
adding 1.0 vol.% MgO particles of ~36 nm into Mg-based nanocomposites. The uniform
distribution of reinforcement coupled with good matrix/reinforcement interfacial
integrity leads to a significant increase in the internal stress between reinforcement and
matrix, resulting in the enhancement of elastic modulus 43. It is noted that the modulus

10

was affected by the geometry, the scale and the physical contrast of multiphase
structures 119.
In Mg-based nanocomposites, the significant increase in 0.2% yield stress (YS),
ultimate tensile stress (UTS) and hardness were widely observed. For example,
compared with pure Mg, the 0.2% YS increased 220%, the UTS increased 84%, and the
microhardness (HV) increased 30% in the Mg-0.66 vol.% Y2O3 nanocomposites
similar trend was observed in Mg/ZrO2

96

and Mg/SiC

109, 115

94

. A

nanocomposites. The

superior strength can primarily be attributed to the load-bearing capacity by the
reinforcements, grain boundary acting as an obstacle to the dislocation movement,
enhanced dislocation activity due to a large difference in the coefficient of thermal
expansion between the matrix and the reinforcement, and Orowan pinning induced by
the nano-scaled particles

120, 121

. The microhardness increment might result from the

presence of relatively harder ceramic particulates in the matrix, constraints on localized
matrix deformation during indentation, and reduced grain size 94.

2.2.2 Ductility
In Mg-based MMNCs, the ductility of the matrix is retained, and sometimes even
enhanced

24, 39, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66

when the

nanoparticles are uniformly distributed in the metal matrix, which is an anomaly
compared with the micron-scale particles reinforced MMCs. Hassan et al. showed that
the Mg/Y2O3 (~29 nm and 0.66 vol.% Y2O3) nanocomposites exhibited double the
ductility

46

. Nie et al. fabricated the SiC nanoparticles (~60 nm and 1 vol.% SiC)
11

reinforced magnesium matrix composites, which exhibited triple increase in ductility 63.
The enhanced ductility of nanocomposites has been attributed to the following
factors 46, 47, 54, 94, 118: (1) grain refinement, particularly benefits hexagonal closed packed
(HCP) metals in terms of ductility increment where intergranular fracture arises from
intercrystalline stresses; (2) dispersed nanoparticles provide sites where cleavage cracks
may open ahead of an advancing crack front, dissipate the stress concentration that
would otherwise exist at the crack front, and alter the local effective state of stress from
plane strain to one of plane stress in the neighborhood of the crack tip, which acts as
ductility enhancer; (3) porosity and clustering of nanometer-sized particulates might
contribute to further increase in the ductility, (4) non-basal slip system activated under
axial tensile stress may also result in increased ductility. However, the inherent
brittleness of the MgO particles will reduce the plastic deformation of the Mg matrix 89.
Additionally, further addition of nanometer-sized ceramic particles into the matrix might
lead to rapid formation and propagation of micro-cracks immediately after matrix
yielding in almost complete intergranular mode to failure with drastic reduction in
ductility 94.

2.2.3 Fracture
Mg-based nanocomposites showed superior work of fracture compared to
unreinforced magnesium and magnesium alloys
94, 101, 102

39, 43, 44, 45, 46, 47, 48, 49, 54, 55, 58, 62, 64, 65, 92, 93,

. For example, the work of fracture for Mg-0.66 vol.% Al2O3 reached 19.9 J/m3, it

is 180% higher than that of the Mg matrix 44. The increment in Mg-0.66 vol.% ZrO2 and
12

Mg-1.11 vol.%ZrO2 nanocomposite reached 280% 47. Additionally, in Mg-0.2 vol.% Y2O3
nanocomposite, the work of fracture dramatically increased 312%

65

. The results of

fracture surface analysis conducted on the tensile fracture samples revealed typical
brittle fracture in the case of Mg samples with the presence of small steps and a
microscopically rough fracture surface, which indicates the inability of magnesium to
cleave on any single plane 46, 47, 92. The fracture surface in the case of composite samples
revealed the ductile mode of fracture, with clear evidence of plastic deformation. The
change in fracture mode in the magnesium and magnesium alloy matrix can be
attributed to the presence of nano-scaled particulates, and the reduction in grain size.

2.2.4 Hot Deformation
In Mg/SiC nanocomposites, Ferkel and Mordike reported that hot deformation is
dominated by dislocation rather than by grain boundary sliding or diffusion controlled
creep, and that the apparent activation energy values were between those for grain
boundary diffusion and lattice diffusion

69

. The results were affected by surface

roughness 69. According to the analysis of Prasad et al. from Mg/Al2O3 nanocomposites,
the lattice self-diffusion is restricted by the presence of nanometer-sized particles at the
prior particle boundaries (PPBs)

122, 123

. One possibility is that since the energy of the

PPBs is reduced substantially, they do not act as sources or sinks for vacancies which are
essential for self-diffusion 122, 123. As a result, the rate of thermal recovery is reduced and
so nucleation of major softening processes like dynamic recrystallization does not take
place during deformation 122, 123. At lower strain rates, the apparent activation energy is
13

a considerably higher than that for lattice self-diffusion, which is the rate-controlling
mechanism

122, 123

. However, hot deformation in the higher strain rate regime is

controlled by grain boundary self-diffusion

122, 123

. This behavior of the nanocomposite

at lower strain rates is actually beneficial in enhancing the creep strength of the
composite material although not directly relevant to bulk metal working 122, 123.

2.3 Deformation Mechanism
One of the stumbling blocks for applications of Mg alloys is their poor tensile
ductility due to the hexagonal close packed (HCP) structure of Mg

124, 125, 126

. The HCP

structure of Mg results in less than five independent slip systems, leading to undesirable
brittle behavior of its polycrystalline form. It has long been recognized that basal slip
dominates the dislocation activity at ambient temperature and under ordinary loading
conditions, although sporadic evidence for prismatic slip and even pyramidal slip has
been reported

124, 127, 128, 129, 130

. Twinning has also been explored

131, 132, 133

but the high

stacking fault energy needs to be well addressed in the first place. A crystal-mechanicsbased model for the inelastic deformation of HCP metals deforming by slip and twinning
has been developed, and the resulting mechanical properties are strongly affected by
the interaction between these two major mechanisms of inelastic deformation

134

.

Recent efforts have shown that severe plastic deformation such as equal channel
angular extrusion can significantly enhance the tensile ductility of Mg alloys by
activating the non-basal slip systems 129, 135, 136, 137, 138, 139, 140. However, the details of the

14

underlying mechanisms still await clarification. Grain size effects on the plasticity of Mg
and its alloys have also been reported

135, 141, 142, 143, 144, 145

. It turns out that below a

critical grain size twinning is suppressed and grain boundary activities play the dominant
role in accommodating plastic strain in Mg

141

, in line with many other metals with

extremely small grain sizes 146, 147.

2.3.1 Dislocation Slip
Mg has a hexagonal close packed structure and has only three geometric and
two independent slip systems. The directions for easy crystallographic slip in HCP single
_

crystals are the three <1120> or <a> closed-packed directions

134

. The three dominant

sets of planes (Fig. 1) which contain this slip direction are (i) the (0001) basal plane, (ii)
_

_

the three {1010} prismatic planes, and (iii) the six {1011} first order pyramidal planes.
_

_

The critical resolved shear stress (CRSS) of the second order pyramidal slip {1122} <1123>
is too high to be activated at room temperature. Crystallographic slip in HCP single
crystals is commonly observed to occur on the basal-<a> or prismatic-<a> systems. The
activation of pyramidal slip systems in polycrystalline aggregates occurs primarily due to
the large stresses generated in grain-boundary regions because of the misorientation
between neighboring grains. In addition, nanometer-sized reinforcements seem to be
able to activate non-basal slip system at elevated temperatures in magnesium matrix 148.

15

_

_

It is noted that only the {1122} <1123> slip system has a slip direction not parallel to the
basal plane, also referred to as <c + a>-Burgers vector 13.

Figure 1: Basal-<a>, prismatic-<a>, and pyramidal-<a> slip systems in HCP materials 134.

2.3.2 Deformation Twinning
While materials of closed-packed hexagonal lattices exhibit many types of
_

twinning, deformation twinning on {1012} planes is the dominant mechanism at low
homologous temperatures which allows for inelastic shape changes in the c-direction 134.
The amount of shear associated with twinning depends on the c/a ratio 13, 134, where a
denotes the interatomic distance on the (0001) basal plane in any of the three basal
_

closed-packed <1120> directions, and c is the height of the unit cell in the c-direction.
_

For materials with c/a < √ the direction of shear is [1011], and twinning occurs under
_ _

tension parallel to the c axis. For materials with c/a > √ the direction of shear is [1011],
and twinning occurs under compression parallel to the c axis. For magnesium, c/a =
16

1.624, the twining will be active when the tensile axis is parallel to the c axis. At low
homologous temperatures, deformation twinning is the dominant mechanism in plastic
deformation of Mg materials. On the other hand, it is difficult to detect twins in ultrafine grained magnesium 141.

_

_

Figure 2: The {1012} <1011> tensile twinning system for magnesium 134.

2.4 Strengthening Mechanism
A few strengthening mechanisms have been proposed for discontinuously
reinforced MMCs with micrometer sized particles
Clarke

151

20, 149, 150

. As pointed out by Nan and

, there are generally two approaches in the literature regarding theoretical

treatment of the strengthening effect in MMCs. The first one is based on dislocation
plasticity, including various dislocation blocking mechanisms that may contribute to the
strengthening effect due to the presence of the “rigid” reinforcing particles. The second
is based on micromechanics in the context of the Eshelby inclusion theory

17

152

. In the

former, particle size effect can be dealt with in a natural manner as in the effective
medium approach proposed by Nan and Clarke 151.
It should be noted that there are two types of size effect. The first is the grain
size effect, or Hall-Petch effect which is based on the notion that grain boundaries are
barriers to dislocation motion, and thus dislocations tend to pile-up in front of a grain
boundary, and thereby refined grain size translates to increased yield or flow strength of
the material

153

. Other equivalently valid theories have also been proposed to explain

the empirical Hall-Petch relation, such as grain boundaries as sources or sinks of
dislocations

154

, geometrically necessary dislocations (GNDs) to account for the

compatibility of polycrystalline plasticity

155

, and dislocation avalanche as collective

behavior in the presence of grain boundaries 156.
The second size effect stems from the dislocation line tension and confinement
which gives rise to a dependence of the critical stress on the inverse of a characteristic
length, such as the distance between unshearable obstacles. Operations of the FrankRead source and the Orowan mechanism serve as typical examples for the second size
effect. Traditionally, as has been pointed out previously, Orowan strengthening in the
presence of second phase particles or reinforcing ceramic particulates is regarded as
one of the primary contributions to the elevated strength of MMCs with micrometer
sized ceramic particles 20, 21, 120, 121, 157.
To facilitate the development of MMNCs, it is necessary to develop constitutive
relationships that can be used to predict the mechanical properties of MMNCs as a
function of reinforcement, matrix, and processing conditions
18

121

. There are four

strengthening mechanisms to predict the yield strength of MMNCs

68, 158

, including (a)

Orowan pinning, (b) grain boundary, (c) geometrically necessary dislocations, resulting
from the relaxation of thermal expansion mismatch between the matrix and the
reinforcement, and (d) load-bearing.

2.4.1 Orowan Pinning
Orowan pinning

150

, caused by the resistance of closely spaced hard particles to

the passing of dislocations, is important in MMNCs. It is widely acknowledged, however,
that Orowan strengthening is not significant in the micro-sized particulate-reinforced
MMCs, because the reinforcement particles are coarse and the interparticle spacing is
large. Furthermore, since the reinforcement is often found to lie on the grain
boundaries of the matrix, it is unclear whether the Orowan mechanism can operate at
all under these circumstances. For melt processed MMCs with the particles, usually
5 μm or larger, Orowan strengthening has indeed been pointed out to be not a major
factor. In contrast, due to the presence of highly-dispersed nanometer-sized
reinforcement particles (smaller than ~100 nm) in a metal matrix, Orowan strengthening
becomes more favorable in MMNCs. It has been well established that the presence of a
dispersion of fine (~100 nm) insoluble particles in a metal can considerably raise the
creep resistance, even for only a small volume fraction (< 1 %), due to the fact that
Orowan bowing is necessary for dislocations to bypass the particles. For composites
containing fine particles, strengthening is often explained by the Orowan mechanism.
ΔOrowan has been estimated by the Orowan–Ashby equation 159.
19

,

(2)

where Gm is the shear modulus of the matrix, b is the Burgers vector of the matrix, α is
constant of 1 in Mg-based nanocomposites

149

, and

is the interparticle spacing,

expressed by equation (1).

2.4.2 Grain Boundary Strengthening
The relationship between yield stress and grain size is described mathematically
by the Hall-Petch equation:
√

,

(3)

where σy is the yield stress, σo is a materials constant for the starting stress for
dislocation movement (or the resistance of the lattice to dislocation motion), ky is the
strengthening coefficient (a constant unique to each material), and d is the average
microstructural dimension. If the grain boundaries or subgrain boundaries are obstacles
to dislocation motion, then the grain or subgrain size is the characteristic
microstructural dimension. However, if particles are obstacles to dislocation motion,
then the interparticle separation is the characteristic microstructural dimension. In
either case, when dislocation pile-up is the operative strengthening mechanism, an
inverse square root dependence on the characteristic microstructural dimension will be
observed. When grain size and interparticle spacing have similar dimensions, dislocation
pile-ups at both particle-matrix interfaces and grain boundaries may contribute. In these
situations, the case of dislocation annihilation or generation at a particular interface is

20

at issue. Thus, the behavior of the interphase barrier may be as important as the spacing
of these interfaces 160.
Twin boundary (TB) is a special coherent boundary. It is known that the twin
boundary is able to block dislocation motion

158, 161, 162, 163

. Twin boundaries (TBs) within

grains can be introduced either during processing (so called growth twins), plastic
deformation (deformation twins), or recrystallization of deformed structures upon
annealing (annealing twins)

158

. In addition, deformation twinning is easily achieved in

HCP metals because of limited number of slip systems.
Strengthening of metals by means of twins has been studied, and the interaction
of dislocation slip with TBs plays an important role

161

. Mechanistic models ascribe

increased strength and rate sensitivity in nanotwinned metals to the emission of partial
or perfect dislocations into surrounding crystal from an existing boundary dislocation or
site of stress concentration or crack in the sliding boundary, the concentration of stress
at twin-slip band intersections leading to strengthening 162. The TB-affected zone (TBAZ)
models assume the possibility of softer resistance to plastic flow and larger sensitivity to
deformation rates within a small region (a few lattice parameters wide) of high
dislocation density centered at the TB than the crystal interior region, the interactions
between many nano-scale twin containing grains would force the activation of hard
mode deformation and increase the overall flow strength, because the soft mode
deformation is mitigated by the misalignment of adjacent grains 163.

21

2.4.3 Strengthening by Geometrically Necessary Dislocations
In MMNCs, because of the thermal mismatch between the reinforcement and
the matrix on cooling from the processing temperature, thermal stresses around the
nanoparticles are large enough to cause plastic deformation. It often generated in the
matrix, especially in the interface region. However, when the particles smaller than a
critical diameter d*, defined as the diameter for which a particle punches a single loop
for each of the active glide directions, strengthening by thermal mismatch strains is not
expected. d* is estimated as 164
,

(4)

where b is the Burgers vector of matrix dislocation, ∆α is the difference between the
coefficients of thermal expansion (CTE) between the matrix and the reinforcement, and
ΔT is the difference between the test temperature and upper temperature at which
dislocation punching is assumed to begin. Generally, the upper temperature
corresponds to a homologous temperature of 0.6.
These thermal stresses reduce quickly with increasing distance from the
boundary, which can generate small defects such as dislocations in the close vicinity of
nanometer-sized particles. The presence of a high dislocation density near the interface
between the matrix and reinforcement particles has been experimentally observed.
A model to predict the yield strength of a particle-reinforced metal matrix
composite by considering the dislocation density due to mismatch between the CTEs of
particle and matrix has the following form (in the spirit of the Taylor formula)
√
22

,

(5)

where Gm is the shear modulus of the matrix, b is the Burgers vector of the matrix, k is a
constant, approximately equal to 1.3 in Mg-based nanocomposites

149

, and

is the

enhanced dislocation density which is assumed to be entirely due to the residual plastic
strain developed due to the difference in the CTEs between the reinforcement phase
and the matrix during the post-fabrication cooling. For equiaxed particulates the
following expression was developed by Arsenault and Shi 165,
,

(6)

where dp is the particle size, Δa is the difference in the CTEs, ΔT is the difference
between the test temperatures and upper temperature at which dislocation punching is
assumed to begin.

2.4.4 The Effect of Reinforcement on Load-bearing
The shear lag model was first developed by Cox 166. It is applicable to composites
reinforced with continuous fibers. The model assumes that the applied load is
transferred from the matrix to the fibers via shear, so it was not appropriate when the
reinforcing phase possesses a small aspect ratio. Nardone and Prewo considered the
transfer of tensile load at the fiber ends to modify the shear lag theory

167

. The

theoretical prediction by means of this model is closer to the experimental results when
the aspect ratio is small. According to the modified shear lag theory, the relationship
between the effective composite strength and the reference matrix strength is
expressed as:
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 y   ym  12 fv (s  2)  f m  .

(7)

In Eq. (7), y is the yield strength of the composite, ym is the yield strength of the matrix,
s is the aspect ratio (length to diameter ratio) for fiber reinforcements, fv is the volume
fraction of the reinforcement nanoparticles, and fm is the volume fraction of the matrix.
Apparently, for the two-phase structure, such as in this work, fm + fv = 1, and s is
approximately equal to 1 in nanoparticles-reinforced composites. Then
.
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(8)

CHAPTER THREE: SYNTHESIS AND CHARACTERIZATION OF Mg-BASED
NANOCOMPOSITES
3.1 Introduction
Solidification processing route has been the most popular and inexpensive
method for the fabrication of composites. However, it is not easy to uniformly disperse
nanoscale ceramic particles in a metal matrix and clusters are formed, thus defeating
the very purpose of using them. In particular, incorporating nanoparticles via the liquid
metallurgy route is very difficult since wetting is so poor that even the most vigorous
stirring is unable to break the agglomerates. A more effective method, especially for
high volume fractions of the reinforcement, is to disperse individual nanoparticles
through solid-state processing methods, e.g., high energy ball milling of a mixture of
metal particles and ceramic nanoparticles. Compared to other processing techniques,
high-energy ball milling has been shown to be a promising technique for producing high
volume fraction metal matrix nanocomposites with ultrafine grain sizes and uniform
dispersion of the reinforcement particles 88. However, high-energy ball milling has also
been shown to result in displacement/exchange reactions and phase transformations
due to the application of mechanical energy

168, 169

. Although in-situ hybrid

nanocomposites can be synthesized in the oxide reinforced Mg system, the effect of the
secondary phase on the mechanical properties of nanocomposites is complex, which
requires comprehensive research. In addition, the processing resulting in the formation
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of Mg alloy phases and intermetallics also leads to further complexities. Compared with
the oxide reinforced Mg system, pure Mg reinforced with SiC particles is stable, strongly
connected and resulted in precipitate-free interfaces between the components 170.
Synthesizing of bulk Mg-based nanocomposites by high-energy ball milling
encounters another problem, which is the consolidation of the powders. Spark Plasma
Sintering (SPS) is an advanced sintering process that allows consolidation of powdered
metals at relatively low temperatures and with short holding times 171. During sintering,
the powders are loaded in a graphite die and a uniaxial pressure is applied by one or
two cylinders onto the punches, similar to conventional hot pressing. It places the die
within the heating chamber, while the electrical energy heats the heating elements, and
then the heat is transferred into the mold by convection. The difference is the die also
acts as a heating source in SPS, not only pressure molds. SPS uses a pulsed direct current
to pass through the graphite die and the electrically conducting powders. Because the
sample is heated from both outside and inside, this process can employ very fast
heating rates and very short holding times to obtain fully dense samples. Combining
high-energy ball milling and spark plasma sintering to fabricate Mg-based
nanocomposites is an attractive process.
In this chapter, results of high-energy ball milled Mg-based nanocomposites
reinforced with a uniform dispersion of high volume fraction nanometer-sized Al2O3 or
SiC particles will be reported. The phase constitution of the Mg-based nanocomposites
will be characterized by X-ray diffraction (XRD). Results of a detailed microstructural
investigation of the processed Mg-based nanocomposites, using scanning electron
26

microcopy (SEM), energy dispersive spectrometry (EDS) and transmission electron
microscopy (TEM) in terms of the particle size, size distribution, and inter-particle
spacing will be reported.

3.2 Experimental Procedure
3.2.1 Synthesis of Mg-based Nanocomposites
Commercially available magnesium powder of 99.8% phase-purity and a mesh
size of -325 from Alfa Aesar Corporation (Ward Hill, MA, USA) and 50 nm size Al2O3
powder from Buehler Ltd. (Lake Bluff, IL, USA) were used in the present study. 70 vol.%
of Mg powder and 30 vol.% of Al2O3 (the mole ratio is about 5:1) were mixed under
argon atmosphere inside an argon-filled glove box to minimize any contamination
resulting from handling of the powders in atmospheric air. The powder mixture was
then milled in a SPEX 8000M mill at room temperature using tungsten carbide grinding
vial and zirconia balls of 10 mm size. The weight ratio of the zirconia balls to the total
powder was approximately 10:1. The powders and the balls were loaded into the vials
inside an argon-filled glove box. To avoid any unwarranted and excessive cold welding of
powder particles amongst themselves, onto the internal surfaces of the vial, and/or
onto the surface of the grinding medium during milling, about 2 wt.% of stearic acid of
98% purity from Alfa Aesar Corporation (Ward Hill, MA, USA) was added to the powder
mixture as the process control agent. The vials were cooled by fan during milling to
minimize the temperature rise of the vial to less than 50 K. Milling of the powder was
27

carried out for times ranging from 5 to 25 h. The thermal stability of the phases in the
milled powders was evaluated by annealing the milled powders for 30 min at 600°C
under a vacuum of 10 Pa or lower in a spark plasma sintering furnace (DR SINTER ®,
Model SPS-1030, SPS Syntex Inc., Kanagawa, Japan).
The mixed powders containing 0, 5, 10 and 15 vol.% 20 nm β-SiC were milled for
20 h to synthesize the Mg/SiC nanocomposite powders using processing methods
described above for Mg-Al2O3 nanocomposites. The mixed and co-milled powders of Mg
+ SiC were transferred to a die for consolidation. All the milled powders were heated by
using the sintering system of Dr. Sinter®. A cylindrical graphite die of 20 mm inner
diameter filled with milled powder was set in the equipment, and heated in vacuum (10
Pa or lower), under a compressive load of 50 MPa. The sintering temperature was kept
at 575 °C, at a heating rate of 100 °C/min. The holding time at the target sintering
temperature was 5 min, followed by a cooling process at a cooling rate of 60 °C/min,
with the previously applied compressive load removed.

3.2.2 Microstructural Characterization
The milled and annealed powders were characterized for their crystal structure
and microstructure. X-ray Diffraction (XRD, Rigaku X-ray diffractometer, Tokyo, Japan)
patterns were recorded with Cu Kα radiation to obtain information about the number
and nature of the phases. The peak width of the diffraction peaks was utilized to obtain
the crystallite size of the matrix phase. A scanning electron microscope (SEM, Hitachi-

28

3500N), equipped with an energy dispersive spectrometer (EDS), was used for elemental
analysis. X-ray mapping was also carried out on the milled Mg/Al2O3 powders to
evaluate the elemental distribution.
The detailed microstructure of the Mg/SiC nanocomposites was examined with a
transmission electron microscope (TEM) (JEOL 2010 JEM, operated at 200 kV). The TEM
samples were prepared by mechanical thinning a disk to ~ 80 μm thickness, followed by
dimpling via a Gatan dimple grinder. Electron transparency was obtained by ion milling
on a Gatan precision ion polishing system (PIPS). Information such as the size and size
distribution of the SiC nano-particles, and inter-particle spacing of the SiC nanoparticles
was obtained. Energy dispersive spectroscopy (EDS) was used to identify the chemistry
of some of the reinforcement particles.

3.3 Phase Constitution and Microstructure of Mg/Al2O3 Nanocomposites
3.3.1 Milled Mg Powder
Figure 3 shows the XRD patterns of pure Mg powder milled for 0, 10 and 20 h. All
the diffraction peaks in the pattern obtained from the unmilled Mg powder (0 h) can be
identified as belonging to Mg with the HCP crystal structure and with the lattice
parameters a = 0.32089 nm and c = 0.52101 nm, which are the same as listed in
standard books. With increasing milling time, the peaks were noted to broaden and no
other change was observed. From an analysis of the peak widths in the milled powder
using the Scherrer formula, the crystallite size was calculated to be 21.5 nm after milling
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for 10 h, and 20.1 nm after milling for 20 h. Thus, it could be concluded that the milled
powder becomes nanocrystalline in nature. It was also noted that a small amount of the
MgO phase had formed on milling; possibly due to slight oxidation of Mg during highenergy ball milling.

Figure 3: X-ray diffraction patterns of the pure Mg powder after milling for 10 and 20 h.
It may be noted that the diffraction peak width increases with increasing
milling time. A small amount of the MgO phase has also formed in the milled
powder, possibly due to slight oxidation of Mg during milling.

3.3.2 Milled Mg/Al2O3 Powder
Figure 4 shows the XRD patterns of the Mg-30 vol.% Al2O3 powder mixture after
milling for different times. The XRD pattern of the blended Mg-30 vol.% Al2O3 powder
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mixture in the un-milled condition indicated the presence of only the Mg and -Al2O3
phases. Like in the case of pure Mg powder, here also the peak width increased with
increasing milling time and a small amount of the MgO phase had also formed. Using
the Scherrer formula, the crystallite size of the Mg phase was evaluated and the results
are shown in Table 1. It is noted that, for equivalent milling times, the crystallite size in
the composite was smaller than in the pure metal. This is understandable since the
powder blend contains Al2O3, which is much harder than the Mg powder. Consequently,
this also acts like a grinding medium leading to faster comminution process and
consequently smaller crystallite sizes. A similar situation of a second hard phase acting
as a grinding medium and reducing the grain size down to an amorphous phase in Si has
been reported earlier 172.

Table 1: Crystallite size of the Mg phase in pure Mg and Mg-30 vol.% Al2O3 powder
blend milled for different times.
Milling time (h)

5

10

20

Pure Mg powder (nm)

-

21.5

20.1

Mg-30 vol.% Al2O3 powder blend (nm)

16.1

14.7

10.0
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Figure 4: X-ray diffraction patterns of the Mg-30 vol.% Al2O3 powder mixture milled for 5,
10, 15, 20, and 25 h. While only Mg and -Al2O3 phases were present in the
unmilled powder blend, the milled powder shows the presence of Mg, -Al2O3
and a small amount of the MgO phase.
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From the positions and intensities of the diffraction peaks in Figure 4, it is clear
that the milled powder contains Mg, Al2O3 and MgO phases. It is possible that some of
the MgO phase had formed as a result of oxidation of Mg, like in the case of pure Mg.
But, it is also possible that, as a result of milling, a reaction has occurred between Mg
and Al2O3 according to the exchange/displacement reaction:
3Mg + Al2O3 → 2Al + 3MgO
Thus, it is possible that the MgO formed in the milled Mg + Al 2O3 powder blend is a
result of two possible mechanisms. Firstly, some MgO would have formed as a result of
oxidation of Mg. Secondly, some MgO would have also formed as a result of the
displacement reaction. However, it appears that during milling, the intensity of the MgO
phase diffraction peaks has increased with increasing milling time and therefore it is
safe to assume that the above exchange reaction has certainly occurred during milling.
Hence, majority of the MgO formed in the powder blend would have formed as a result
of the exchange reaction.
The above exchange reaction has a large negative free energy change (ΔG = -125
kJ/mol at 298 K) and therefore the reaction is thermodynamically feasible at room
temperature. But, it does not normally occur at room temperature due to kinetic
constraints. Solid-state reactions involve the formation of a product phase at the
interfaces of the reactants; further growth of the product phase involves diffusion of
atoms of the reactant phases through the product phase, which acts as a barrier layer
preventing further diffusion. Hence, the reactions usually do not occur at room
temperature under normal conditions; and high temperatures are often required for the
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reaction to happen at a reasonable rate. However, such reactions could occur during
high-energy ball milling at room temperature.
During milling, the particle size is reduced and clean and fresh surfaces are
produced as a result of fracturing of powder particles, and the defect density is
increased due to the heavy deformation involved. As a result of the combined effect of
all these processes, diffusion is enhanced and consequently formation of the product
phases occurs easily, i.e., the kinetics of the reaction are significantly faster.
Figure 5 shows the SEM micrographs of the powder mixture milled for 15, 20 and
25 h. It is seen that the particle size of the powder milled for longer times (20 h - Figs.
5(b) and 25 h - 5(c)) is smaller and more uniform than that milled for shorter time (15 h Fig. 5(a)). The inset images of Figs. 5(a), 5(b) and 5(c) show the morphology of the large
particles in the powder mixture. The large particles shown in Figs. 5(b) and 5(c) are due
to agglomeration and/or clustering of smaller particles, while most of the large particles
in Fig. 5(a) are monoliths. Close examination of Figs. 5(b) and 5(c) reveals that the size
and size distribution of the powders milled for 20 h and 25 h are very similar, suggesting
that the steady state condition, i.e., balance between fracturing and rewelding of
powder particles during milling, was achieved at a milling time of about 20 h. The tiny
bright spots in Fig. 5 are Al2O3/MgO nanoparticles. It is seen that such particles are much
more uniformly distributed in Figs. 5(b) and 5(c) than in Fig. 5(a). This suggests that a
uniform distribution of the nanoparticles was achieved by milling the powder for at least
20 h.
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Figure 5: Scanning electron microscope images of the Mg-Al2O3 powder mixture milled
for (a) 15, (b) 20, and (c) 25 h.

Even though one assumes that the heavy deformation involved in the MA
process ensures that the constituent phases are uniformly distributed in the
microstructure, it can be easily confirmed whether it is so by conducting elemental
mapping in the SEM. Figure 6 shows the distribution of Mg and Al in the different
phases in the powders milled for 15, 20, and 25 h. The bright spots in the
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“microstructure” indicate the presence of the element. It is of interest to note that in
the powder milled for 15 h, some areas seem to lack the presence of both Al and Mg
elements. It is possible that these areas represent either porosity or heavy
concentration of oxygen as oxide particles. But, on milling for a longer time, e.g., 20 or
25 h, both Al and Mg are more uniformly distributed, suggesting that the distribution of
Mg and Al2O3 is continuously improved. This also is an indirect confirmation that at the
steady state condition, when the particle size is stabilized, the distribution of the
constituent elements is very uniform.

Figure 6: Elemental maps of Mg (left) and Al (right) for the powder mixture milled for (a)
15, (b) 20, and (c) 25 h.
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3.3.3 Annealed Mg/Al2O3 Powder
Figure 7 shows the XRD patterns of the powder milled for different times after
annealing for 30 min at 600 oC. As a result of the presence of very fine (nanometric-size)
particles of Mg and Al2O3 in the milled product, annealing induced a further chemical
reaction between these two phases and one could observe the presence of both Al and
MgO phases. It also appears that the exchange reaction referred to above has taken
place to a larger extent during annealing. This is inferred from the fact that pure Al
diffraction peaks could be observed in the annealed powder, whereas they were not
present at all in the as-milled powder. The intensities of the MgO and Al phases in the
XRD patterns of the annealed powders increased with increasing milling time, due to the
further occurrence of the exchange reaction. Additionally, it is also noted that due to a
reaction between Al that has formed on annealing and the remaining Mg in the milled
powder, some Mg-Al intermetallic phases, including Mg17Al12, Al0.58Mg0.42, and Al3Mg2
have formed. Since the diffraction peak widths of all these phases are reasonably large,
it is safe to conclude that the phases continue to be nanometric in nature. This is
especially remarkable considering that both Mg and Al are relatively low-melting point
metals and that annealing of the milled powders was done at 600 oC.
It is also useful to notice from Fig. 7 that the powder contains multiple phases –
some intermetallics and some oxide reinforcements (MgO and Al2O3). Materials with
such multi-phase constitution have been referred to as hybrid nanocomposites in the
literature

75, 173

. Although, it was not the intention of this study, it is important to note

that such a hybrid nanocomposite could be easily obtained by high-energy ball milling
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methods. Further, the presence of such microstructures is expected to make the
material stronger and harder.
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Figure 7: X-ray diffraction patterns of the Mg-30 vol.% Al2O3 powder mixture milled for 5,
10, 15, 20, and 25 h and then annealed for 30 min at 600 oC. As a result of the
exchange reaction between Mg and Al2O3 phases, the phases present in the
annealed powder are Al and MgO. Some chemical reaction also seems to have
taken place during the high-temperature annealing resulting in the formation
of Mg3Al2, Al0.58Mg0.42, and Mg17Al12 intermetallic phases.
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The Mg-Al binary system contains two solid solutions and several intermediate
174

phases

. The crystal structure details of these phases are listed in Table 2
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. While

the crystal structures and lattice parameters of the  and  intermediate phases are well
established, there is significant confusion in the literature regarding the R phase. While
some investigators refer to this as the R phase, others refer to this as the ε phase or the
Al0.58Mg0.42 phase 176, 177. There have also been some studies 178 on mechanically alloyed
Mg-Al powders where it was shown that the phase boundaries between different
phases get altered under non-equilibrium conditions of processing. Most recently, there
have also been some investigations to determine the temperature range in which the R
phase is stable 179.

Table 2: Crystal structure data and lattice parameters of the different equilibrium
phases in the binary Mg-Al system 180.

(Mg17Al12)

Approximate
composition
range (at.% Al)
0 – 12.9
39.5 – 55.0

R (ε)

58.0

Rhombohedral

hR53

R3m

(Mg2Al3)

59.7 – 61.5

Cubic

cF1168

Fd3m

Phase
Mg(Al)

Al(Mg)

81.4 – 100.0

Crystal
structure

Pearson
symbol

Space
group

HCP
Cubic

hP2
cI58

P63/mmc

FCC

cF4

_

I43m
_
_
_

Fm3m

Lattice parameters
a (nm)

c (nm)

c/a or 

0.32094*
1.056

0.52112*
-

1.624*
-

1.03625

-

76 27.7´

2.8239

-

-

0.40494*

-

-

o

*Lattice parameters listed are for the pure metals.

It is well known that non-equilibrium phases, including supersaturated solid
solutions, metastable intermediate phases, and amorphous phases could form in
mechanically alloyed powders. Thus, it is possible that the constitution of mechanically
alloyed powders could differ from that of equilibrium alloys. That is, the crystal
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structures and lattice parameters of the phases present in mechanically alloyed
powders could be different from those of the expected phases. Thus, in the annealed
powder, we have a number of phases, some of which are not expected under
equilibrium conditions. The fact that the alloy, even in the annealed condition, contains
all the possible intermediate phases in the Mg-Al system is an indication that complete
equilibration is perhaps not achieved. This is because, for any given composition, the
binary alloy is expected to contain only two phases under equilibrium conditions.
Figure 8 shows the SEM micrographs of the powder milled for different times
and annealed for 30 min at 600 oC. It is seen that the morphology and size of the
powder after annealing were almost the same as those in the milled powder. The size of
the powder milled for longer times (20 h – Figs. 8(b) and 25 h – 8(c)) is smaller and more
uniform than that milled for a shorter time (15 h - Fig. 8(a)) after annealing. The large
particles, which are shown in the inset images of Figs. 8(a), 8(b) and 8(c), arising from
agglomeration and/or clustering of smaller particles, coexist with the small particles in
the nanocomposite powders. The tiny spots uniformly distributed in the powder clearly
suggest that a uniform distribution of nanoparticles was retained after annealing also.
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Figure 8: Scanning electron microscope images of the Mg-30 vol.% Al2O3 powder milled
for different times and subsequently annealed for 30 min at 600 oC: (a) 15, (b)
20, and (c) 25 h.
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3.4 Phase Constitution and Microstructure of Mg/SiC Nanocomposites
3.4.1 Milled Mg/SiC Powder
X-ray diffraction (XRD) patterns were recorded, in the 2θ range of 30 – 70◦, from
the as-received and milled powders (Fig.9). The diffraction peaks were analyzed using
standard XRD procedures to determine the phase constitution. From the positions and
intensities of the diffraction peaks in Figure 9, it is clear that the milled powder contains
Mg, SiC and MgO phases. After 20 h high-energy ball milling, there was no detectable
reaction between the Mg matrix and the SiC reinforcement (Fig.9). No phase
transformation of the components was detected from the XRD patterns, suggesting that
the Mg-SiC system is stable in this process. Like in the case of Mg/Al2O3 powder, here
also the peak width increased after ball milling. Again, MgO phase is shown clearly in the
milled powders, which has likely resulted from the oxidation of Mg during milling. In
addition, the amount of the MgO phase increased with the amount of reinforcement,
suggesting that absorption of oxygen or oxide film on the surfaces of nanometer-sized
SiC particles is the possible source.
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Figure 9: X-ray diffraction patterns of the as-received Mg without milling and Mg-0 vol.%
SiC, Mg-5 vol.% SiC, Mg-10 vol.% SiC and Mg-15 vol.% SiC powder milled for
20 h.

3.4.2 Consolidation of Mg/SiC Nanocomposites
Figure 10 shows the XRD patterns of consolidated as-received Mg and Mg/SiC
nanocomposites via SPS at 575 °C. From the positions and intensities of the diffraction
peaks in Figure 10, three phases are detected from the XRD patterns: Mg, SiC, and MgO.
It is noted from the patterns that the crystallite size of Mg in the composite was smaller
than that in the pure metal, which also decreased as the volume fraction of SiC in the
composite increased. Again, with increasing volume fraction of SiC, the MgO phase also
increased. The XRD patterns did not show the presence of any phases formed as a result
of interfacial reactions between Mg and SiC.
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Figure 10: X-ray diffraction patterns of the as-received Mg without milling and
Mg-0 vol.% SiC, Mg-5 vol.% SiC, Mg-10 vol.% SiC and Mg-15 vol.% SiC powder
milled for 20 h, and then consolidated for 5 min at 575 oC under 50 MPa.

Figure 11 presents the SEM micrographs of Mg-based nanocomposites with5 (a),
10 (b) and 15 (c) vol.% SiC nanoparticles, respectively. The images included in this figure
indicate that with increasing volume fraction of the SiC nano-particles, Mg-agglomerates
decreased, and the size of the large Mg particles has also decreased. However, the
nano-particles of the SiC phase are beyond the resolving power of the SEM. These
results also reveal that the samples contain no obvious macro-pores, suggesting a high
density. Figure 12 shows the elemental maps of Si in the Mg-based nanocomposites
with 5 (a), 10 (b) and 15 (c) vol.% SiC nano-particles, indicating that the SiC particles are
uniformly distributed in the microstructure without any apparent agglomeration. Hence,
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the Mg-agglomerate, otherwise the SiC-agglomerate, in nanocomposites was indirectly
verified by the Si elemental maps.

a

b

c

Figure 11: SEM micrographs showing the microstructure of (a) Mg-5 vol.% SiC; (b) Mg-10
vol.% SiC and (c) Mg-15 vol.% SiC consolidated from the powders milled for
20 h.
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a

b

c

Figure 12: Elemental maps of Si for the (a) Mg-5 vol.% SiC; (b) Mg-10 vol.% SiC and (c)
Mg-15 vol.% SiC consolidated from the powders milled for 20 h.

3.4.2.1 Mg-5 vol.% SiC Nanocomposite
Figure 13 (a) shows the bright field TEM image of Mg-based nanocomposite with
5 vol.% SiC nano-particles. Figure 13 (c) is the selected area diffraction pattern (SADP).
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The pattern was indexed as consisting of both the cubic β-SiC phase and the HCP Mg
matrix, as indicated in Table 3. It also shows that the SiC particles are very fine as
suggested by the continuous rings in the SADP as well as the bright and dark field TEM
micrographs. Further, it may also be seen that the grain size of the Mg-matrix is fine
with the spotty rings in the SADP. Figure 13 (b) is the corresponding dark field TEM
image taken using a part of the diffraction ring from the SiC phase. Again it shows the
nanometer-sized SiC particles. Indexing of the SADP suggests that the SiC phase is of the
cubic lattice structure. Both the bright field and dark field TEM micrographs suggest that
the nano-particles of SiC are uniformly distributed in the nanocomposite. Some large
particles of Mg with a high density of defects are present in this sample, indicating some
agglomerations of the matrix phase during ball milling even in the presence of the
process control agent. Particle growth might have occurred during the warm
consolidation process that led to the current observed particle size. No significant
agglomeration of the SiC particles could be identified in this sample.

Table 3: SADP indexing of Mg-5 vol.% SiC nanocomposite sample according to the cubic
β-SiC phase and the HCP Mg matrix.

1

Measured
Diameter(1/nm)
7.196

Calculated
d-spacing(nm)
0.27816

2

8.232

0.24295

3
4
5

9.568
10.674
13.592

0.20903
0.18737
0.14715

Ring No.
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Crystal plane/Standard d-spacing(nm)
Mg(100)/ 0.27782
Mg(101)/0.24519
or SiC(111)/0.25161
SiC(200)/0.21790
Mg(102)/0.19002
Mg(103)/0.14730

Figure 13: (a) Bright field TEM image of Mg-5 vol.% SiC nanocomposite. The nanoparticles appear to be uniformly distributed within the matrix. Some large
agglomerates of the Mg-matrix are present. (b) Dark field TEM image
corresponding to (a). The bright particles are the nano-particles of the β-SiC
phase. (c) Selected area diffraction pattern of the sample, the continuous
rings and spotty rings represent SiC and Mg phases individually.

48

Figure 14: (a) Particle size distribution in the Mg-5 vol.% SiC nanocomposite. Most of the
particles have been refined during the co-milling process as the starting SiC
powder has an average particle size of ~20 nm. (b) Distribution of the interparticle distance in the Mg-5 vol.% SiC nanocomposite, showing that the interparticle distance is mostly below 100 nm.

Figure 14 (a) presents the SiC particle size distribution of the Mg-5 vol.% SiC
nanocomposite sample based on statistics of the TEM images. As we have mentioned in
the section on experimental procedures, the starting SiC particles have an average
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particle size of ~20 nm. It follows from Figure 14 (a), then, that the SiC particles have
been further refined during ball milling, as majority of the particles in the
nanocomposite have a size smaller than 20 nm. Figure 14 (b) shows the inter-particle
distance distribution of the Mg-5 vol.% SiC nanocomposite sample based on statistics of
the TEM images. It suggests that majority of the particles have an inter-particle distance
smaller than 100 nm. This observation should be translated into an effective grain size
of the Mg-5 vol.% SiC nanocomposite, smaller than 100 nm.

3.4.2.2 Mg-10 vol.% SiC Nanocomposite
Figures 15 (a) and (b) are the bright field and the corresponding dark field TEM
micrographs of the Mg-10 vol.% SiC MMNC sample. The SADP (Fig. 15 (c)) shows
continuous rings for the SiC phase with a cubic structure. The pattern was indexed again
according to the cubic β-SiC phase and the HCP Mg matrix, as shown in Table 4. The
particle size distribution of this sample (fig. 16 (a)) is quite similar to that of the
Mg-5 vol.% SiC nanocomposite sample. This is not surprising as the particle size of the
SiC phase should primarily depend on the milling time with other conditions kept the
same. Comparing Figure 13 (a) and Figure 15 (a), we can see that the latter has some
~100 nm or smaller particles with irregular, faceted shapes (some of them are marked
by arrows). That is to say, with increased volume fraction of the ceramic phase,
agglomeration of the nano-particles of SiC has occurred during the co-milling process. It
might also be possible that such particles were the pre-existing particles in the starting
ceramic powder, which somehow survived the ball-milling process without breaking up.
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As a matter of fact, this surmise is more reasonable as we will show later that such
particles are single crystal particles, thus unlikely to be formed by agglomeration during
the co-milling process. A detailed TEM analysis will be presented on such large SiC
particles when we describe the microstructures of the Mg-15 vol.% SiC nanocomposite
sample. Less agglomeration of the Mg matrix phase has been observed in this sample.
This is understandable as the increased volume fraction of the SiC nano-particles can
both prevent agglomeration of the Mg phase and retard its further growth during
subsequent processing, as the SiC nano-particles can act as grain boundary pinning
centers (Zenner pinning effect). The inter-particle distance of this sample (Fig. 16 (b)) is
smaller compared with the previous sample, with the distance between majority of the
particles being smaller than 60 nm.

Table 4: SADP indexing of Mg-10 vol.% SiC nanocomposite sample according to the
cubic β-SiC phase and the HCP Mg matrix.
Ring No.

Measured
Diameter (1/nm)

Calculated
d-spacing (nm)

1

8.267

0.24193

2

9.544

0.20956

3

13.584

0.14726

4

15.489

0.12912

5

16.700

0.11976

Crystal plane/Standard d-spacing (nm)
Mg(101)/0.24519
or SiC(111)/0.25161
Mg(102)/0.19002
or SiC(200)/0.21790
Mg(103)/0.14730
Mg(004)/0.13027
or SiC (222)/0.12580
Mg(104)/0.11797
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a

Figure 15: (a) Bright field TEM image of the Mg-10 vol.% SiC nanocomposite phase
appear to be uniformly distributed. However, large particles are seen in this
material. (b) Dark field TEM image corresponding to (a). The bright particles
in the dark field TEM image are the β-SiC phase. (c) Selected area diffraction
pattern of the sample, the continuous rings and spotty rings represent SiC
and Mg phases, respectively.
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Figure 16: (a) Particle size distribution in the Mg-10 vol.% SiC nanocomposite. Most of
the particles have been refined during the ball milling process as the start SiC
powder has an average particle size of ~20 nm. (b) The distribution of the
inter-particle distance in the Mg-10 vol.% SiC nanocomposite. It shows that
the inter-particle distance is mostly below 60 nm.

3.4.2.3 Mg-15 vol.% SiC Nanocomposite
Figure 17 (a) is the bright field TEM image of the Mg-15 vol.% SiC nanocomposite,
while Figure 17 (b) is the corresponding dark field image, and Figure 17 (c) is the
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selected area diffraction pattern (SADP). The SADP was indexed according to the cubic
β-SiC phase and the HCP Mg matrix, as shown in Table 5. Similar to the previous sample,
some ~100 nm SiC particles are observed in this sample. To confirm that such large,
faceted particles are indeed the SiC phase, we have performed some detailed analytical
TEM examination on one of such particles. Figure 18 (a) is a bright field TEM micrograph
of such a particle. The particle is clearly faceted. Figure 18 (b) is the diffraction pattern
of this particle. This diffraction pattern is indexed to be from the [011] zone of the cubic
SiC phase (zinc blende structure). .Observations on different sized particles revealed
that they are all single crystals. It is thus unlikely that they were formed by
agglomeration during the co-milling process. Further, Figure 18 (c) is the energy
dispersive X-ray spectroscopy (EDS) result of this particle. It clearly shows that it is the
SiC phase. Therefore, we believe that such relatively large SiC particles come from the
starting ceramic powder (Fig. 18 (d)), and have survived the co-milling process. The
primary particle size distribution (Fig. 19 (a)) is similar to that of the previous two
samples, which can be explained in a similar manner. The inter-particle distance (Fig. 19
(b)) of majority of the nanoparticles is smaller than 45 nm.
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a

Figure 17: (a) Bright field TEM image of the Mg-15 vol.% SiC nanocomposite. Again the
nanoparticles of the β-SiC phase appear to be uniformly distributed.
However, large particles are seen in this material, with some of the large
particles marked by black arrows. (b) Dark field TEM image corresponding to
(a). The bright particles in the dark field TEM image represent the β-SiC phase.
(c) Selected area diffraction pattern of the sample; the continuous rings and
spotty rings represent the SiC and Mg phases, respectively.
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d

Figure 18: (a) Bright field TEM image of a large faceted particle. (b) Selected area
diffraction pattern of the particle. It is indexed to be from the [011] zone of
the cubic SiC phase (zinc blende structure). (c) Energy dispersive X-ray
spectroscopy (EDS) results of the particle. It shows that the particle is SiC.
(d) SEM micrograph of the starting SiC powder.
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Figure 19: (a) Particle size distribution in the Mg-15 vol.% SiC nanocomposite. Most of
the particles have been refined during the co-milling process as the starting
SiC powder has an average particle size of ~20 nm. (b) The distribution of the
inter-particle distance in the Mg-15 vol.% SiC nanocomposite. It shows that
the inter-particle distance is mostly below 45 nm.
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Table 5: SADP index of Mg-15 vol.% SiC nanocomposite sample according to the cubic βSiC phase and the HCP Mg matrix.
Ring No.
1
2
3
4
5

Measured
Diameter (1/nm)
7.429
8.265
9.615
10.755
13.589

Calculated
d-spacing (nm)
0.26922
0.24198
0.20566
0.18596
0.14717

Crystal plane/Standard d-spacing (nm)
Mg(002)/0.26050
Mg(101)/0.24519
SiC(200)/0.21790
Mg(102)/0.19002
Mg(103)/0.14730

3.5 Concluding Remarks
A homogenous distribution of the Al2O3 nanoparticles in the Mg matrix was
obtained by mechanically alloying a mixture of 70 vol.% of Mg and 30 vol.% of Al2O3
powders. The phase evolution and their distribution were evaluated as a function of the
milling time. It was noted that Mg, Al2O3, and MgO phases were present in the as-milled
powder with the exchange reaction partially occurring between Mg and Al 2O3. All the
phases had nanometric dimensions as a result of milling. On annealing the milled
powder for 30 min at 600 oC, the exchange reaction between Mg and Al2O3 had
occurred to a larger extent resulting in the formation of Al and MgO phases.
Additionally, the reaction between Al and un-reacted Mg led to the formation of Mg-Al
intermetallics. Formation of nanostructured phases was observed by scanning electron
microscopy and the uniform distribution of the phases was confirmed by X-ray
elemental mapping method.

The SEM and EDS results indicate that a uniform

distribution of the hybrid (Al2O3 + MgO) reinforcement could be achieved after milling
the powder blend for 20 h. The thermal stability of the formed nanocomposite was
evaluated by annealing the milled powder at a high temperature.
58

High-energy ball milling of Mg and nanocrystalline SiC powders followed by subsolidus consolidation has been shown to be an effective way to produce bulk Mg-based
metal matrix nanocomposites. The reinforcing ceramic nanoparticles (average particle
size ~14 nm) appear to be homogeneously dispersed within the matrix. Some large SiC
particles have survived the milling process. The average inter-particle spacing of all the
Mg/SiC nanocomposites was smaller than 50 nm. The SEM results didn’t show
significant porosity in the as-processed nanocomposites.
TEM examinations showed that the size of the SiC reinforcements has been
further reduced by ball milling with the matrix phase. The final particle size seems to
have not changed with the volume fraction of the SiC phase. The inter-particle distance
of the Mg-5 vol.% SiC nanocomposite was smaller than 100 nm, and the inter-particle
distance of the Mg-based nanocomposite decreased with an increase in the volume
fraction of the SiC nanoparticles. Agglomeration of the matrix phase has been observed
primarily in the Mg-5 vol.% SiC nanocomposite, where TEM results showed Mg-particles
of ~ 100 nm or larger in diameter. It appears that some large SiC particles, with average
size greater than 100 nm, have survived the ball-milling process. This has been
confirmed both by diffraction analysis and EDS results.
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CHAPTER FOUR: MICROINDENTATION TESTING
4.1 Introduction
Microindentation testing is being widely used to explore the mechanical
response of different materials – metals, ceramics, polymers, composites, and even
biological materials. In contrast to traditional hardness testers, which consist of the
application of a single static force and corresponding dwell time, microindentation
testing allows the application of a specified force or displacement history, such that the
force, P, and displacement, h, are controlled and/or measured simultaneously and
continuously over a complete loading cycle
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. Additionally, the extremely small force

and displacement resolutions combined with very large ranges of applied forces and
displacements can be used to probe the mechanical response of materials. The
improved control, sensitivity, and data acquisition offered by microindentation systems
have resulted in numerous advances in materials science, particularly regarding
fundamental mechanisms of the mechanical behavior at micrometer and even submicrometer length scales 181.
In this chapter, the microindentation testing of Mg/SiC nanocomposites was
utilized in order to assess the effect of nano-sized SiC particles dispersion on the
mechanical response. The loading-unloading curves were recorded via the
microindentaion system. The stiffness, microhardness, and loading rate sensitivity are
given with regard to current analysis methods.
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4.2 Experimental Procedure
Microindentation tests were performed by using a Vickers indenter using a
microhardness tester (CSM Instruments, Needham, MA, USA). Indentations were made
at the central position of the discs. Prior to full indentation, a preload of 5 mN was
applied to the indenter. Loading-unloading curves were recorded in each cycle, the
diagonal lengths of an indentation mark were measured to calculate the Vickers
hardness. Additionally, for the normal hardness test, both the loading time and
unloading time were 15 s without an intermediate pause. However, different
intermediate pause times of 5 s, 10 s, 15 s and 20 s were used for the stiffness
measurement under 600 mN, with the same loading and unloading time of 15 s. During
the loading rate sensitivity experiments, loading rates of 4 mN/s, 40 mN/s and 200 mN/s
were employed under a load of 600 mN, without intermediate pause.

4.3 Results and Discussion
4.3.1 Loading-Unloading Curves
During the indentation test, the load applied to the indenter was increased at a
constant loading rate to push it into the surface of a specimen, which produced elastoplastic deformation. After reaching the predetermined maximum load, the load was
immediately removed at a constant unloading rate, resulting in the recovery of the
elastic portion
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. Figure 20 shows typical loading-unloading curves of Mg and Mg/SiC

nanocomposites, along with both as-received and milled Mg for comparison. As the
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indentation depths increase, larger loads are required, especially for the Mg-10 vol.%
SiC and Mg-15 vol.% SiC samples, smaller loads for the Mg-5 vol.% SiC and Mg-0 vol.%
SiC samples, and the smallest load for as-received Mg. The results suggest that the
indentation in the Mg/SiC nanocomposite specimens experiences larger resistance as
the volume fraction of the reinforcement increases. It obeys the rule of mixtures.
However, the resistance of Mg-10 vol.% SiC is higher than that of Mg-15 vol.% SiC
samples above 900 mN, which deviates from the law. Due to the refined grain size after
milling, the Mg-0 vol.% SiC sample showed larger resistance compared with the asreceived Mg.

Indentation load (mN)

1200

Mg
Mg-0%SiC

1000

Mg-5%SiC

800

Mg-10%SiC
Mg-15%SiC

600
400
200
0
0

3000

6000

9000

Indentation depth (nm)
Figure 20: Typical loading-unloading curves for the Mg and Mg-SiC nanocomposites.

4.3.2 Microhardness
The indentation morphology was imaged using an optical microscope, from
which the lengths of both the diagonals of the impression were measured and used to
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calculate the microhardness. For the same indentation load, a total of five indentations
were performed to determine the average Vickers hardness. Using the measured
diagonal lengths, one can calculate the apparent microhardness Hv by using the
following equation:
,

(9)

where F is the indentation load,  is the included angle between opposite faces of a
pyramid indenter (136°), and D is the diagonal length of the impression profile. (With
the known value of , this equation reduces to Hv = 1.854 F/D2.
Table 6 shows the microhardness values of Mg and Mg/SiC nanocomposites
under a load of 1200 mN. The milled Mg-0 vol.% SiC sample possesses higher
microhardness, compared with the as-received Mg sample; most likely due to the
refined grain size in the milled Mg-0 vol.% SiC sample. The microhardness had increased
with the addition of SiC nanoparticles into the Mg matrix, and the highest
microhardness was about 2.06 GPa for the Mg-10 vol.% SiC sample. However, the
microhardness of the Mg-15 vol.% SiC sample had decreased to 1.74 GPa under the
same load. It means that the strengthening effect of the nano-particle SiC reinforcement
has reached its limit somewhere between 10 and 15 vol.%. The microhardness increased
as the volume fraction of the reinforcement increased, before the inter-particle spacing
was reduced to the critical width, and then, the microhardness had decreased.
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Table 6: Apparent microhardness values of Mg and Mg/SiC nanocomposites.
Sample

Mg

Mg-0 vol.%SiC

Mg-5 vol.%SiC

Mg-10 vol.%SiC

Mg-15 vol.%SiC

Microhardness (GPa)

0.57±0.01

0.94±0.02

1.48±0.04

2.06±0.05

1.74±0.03

The dependence of indentation load on the residual indentation depth for the
Mg and Mg/SiC nanocomposites is shown in Fig. 21. With increasing indentation load,
the residual indentation depths also increased, which are due to more plastic
deformation under the higher load. The deepest residual indentation depth was
observed in the as-received Mg sample, while the shallowest depth was observed in the
Mg-10 vol.% SiC sample. The results are consistent with the apparent microhardness
which was shown in Table 6.

1400

1200

Load (mN)
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Mg
Mg-0%SiC
Mg-5%SiC
Mg-10%SiC
Mg-15%SiC
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400
200
1000
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7000

9000

Residual Indentation depth (nm)
Figure 21: Dependence of the indentation load on the residual indentation depth for the
Mg and Mg/SiC nanocomposites.
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As seen in Figure 20, the slopes of the unloading curves for the as-received Mg
and Mg-5 vol.% SiC specimens are the same, and these are less than the milled
Mg-0 vol.% SiC sample. The Mg-10 vol.% SiC and Mg-15 vol.% SiC samples exhibited the
largest slopes in these samples. It indicates that the milled Mg-0 vol.% SiC sample has
smaller plastic recovery, compared with the as-received Mg. This can be attributed to
the refined grain size in the milled Mg-0 vol.% SiC sample, which increased the yield
stress of the sample, and resulted in small plastic deformation under the same load.
However, the Mg-5 vol.% SiC sample has larger plastic recovery than the milled
Mg-0 vol.% SiC sample. It is likely due to the pileup and strong interaction among
dislocations in the milled Mg-5 vol.% SiC sample, which is resulting from the nanometersized SiC distribution in the Mg matrix. The deformation recovers under the back
pressure during the unloading process to lower the total strain energy. Plastic recovery
is not clear as the volume fraction of SiC nanoparticles increased in the composite.
For homogeneous materials, the relationship of the indentation load and the
maximum indentation depth can be described by the following equation
,
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:
(10)

where F is the indentation load, Km is a constant related to the elasto-plastic behavior of
the material, is the maximum indentation depth and n is a constant exponent. Fig. 22
shows the dependence of the indentation load on the maximum indentation depth for
the Mg and Mg/SiC nanocomposites. The power index of as-received Mg, Mg-0 vol.% SiC
and Mg-15 vol.% SiC samples is about 1.7, and it is 1.5 for the Mg-5 vol.% SiC and Mg-10
vol.% SiC samples. This observation clearly indicates that with different microstructures
65

in these samples, the decrease in the power index for Mg-5 vol.% SiC and Mg-10 vol.%
SiC samples possibly arises from the nano-sized SiC particles dispersion in the Mg matrix,
and the jump in the power index for Mg-15 vol.% SiC sample is likely due to the
decreased inter-particle spacing to the critical width.

2000
Mg

Load (mN)

Mg-0%SiC

Mg-5%SiC
Mg-10%SiC
Mg-15%SiC

200
1000

10000

Maximum Indentation depth (nm)
Figure 22: Dependence of the indentation load on the maximum indentation depth for
the Mg and Mg/SiC nanocomposites.

4.3.3 Stiffness
The slope of the unloading curve, fitted from 70% to 95% of the force, was used
to calculate the stiffness. The different intermediate pause times have been applied to
eliminate the effect of creep. For each pause time, a total of five indentations were
performed to determine the average slope. Fig. 23 shows the stiffness of Mg and Mg/SiC
nanocomposites under the indentation load of 600 mN. Compared with the as-received
Mg, the stiffness of milled Mg-0 vol.% SiC and Mg-5 vol.% SiC sample was slightly
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enhanced. However, the stiffness increased to about 1.25 GPa from 0.65 GPa, when the
volume fraction of SiC nanoparticles increased to 10% from 5%. When the volume
fraction reached 15%, the stiffness further increased to 1.5 GPa.

1.6

Stiffness (GPa)

1.4
1.2
1
0.8
0.6
0.4
0.2
0
Mg

Mg-0%SiC Mg-5%SiC Mg-10%SiC Mg-15%SiC

Figure 23: The stiffness of Mg and Mg/SiC nanocomposites under the indentation load
of 600 mN.

4.3.4 Loading Rate Sensitivity
The indentation tests have been used to study the loading rate sensitivity in the
work by Lu et al.184. Under the assumption that the indentation hardness and loading
rate are equivalent to stress and strain rate, respectively, the rate sensitivity exponent
m was determined using the relation:
̇

,

(11)

where σ is the stress and ̇ is the strain rate. Fig. 24 shows the dependence of the
hardness on the loading rate for the Mg and Mg/SiC nanocomposites. For each loading
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rate, a total of five indentations were performed to determine the apparent
microhardness. The microhardness varied dramatically following the loading rate.
However, they keep the same order under different loading rate during the test range.
As shown in Fig. 25, the strain rate sensitivity exponent m is about 0.067 for the
Mg-0 vol.% SiC sample. This is likely due to the significantly higher percentage of grain
boundaries in the milled Mg sample, which has refined grain size after milling. It clearly
indicates an obvious enhancement of strain rate sensitivity exponent m for Mg-15 vol.%
SiC specimen while the inter-particle spacing has shrunk to smaller than the critical
width.

Figure 24: Dependence of the hardness on the loading rate for the Mg and Mg/SiC
nanocomposites.
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Figure 25: The strain rate sensitivity exponent m for the Mg and Mg/SiC nanocomposites.

4.4 Concluding Remarks
The indentation testing of the high volume fraction Mg/SiC nanocomposite
specimens experienced larger resistance as the volume fraction of the nano-sized SiC
reinforcement increased before the inter-particle spacing had shrunk to the critical
width, and then the increasing trend got reversed. Hence, the Mg-15 vol.% SiC samples
showed abnormal decrease in resistance. It is clearly the refined grain size of the Mg
matrix that had obvious effects on the indentation testing of Mg/SiC nanocomposites.
When exploring the microhardness, the same trend was observed. The highest
microhardness was about 2.06 GPa for the Mg-10 vol.% SiC sample. The results of
residual indentation depth were consistent with the apparent microhardness. The
stiffness jumped to about 1.25 GPa in Mg-10 vol.% SiC, and further increased to 1.5 GPa
in the Mg- 15 vol.% SiC sample. However, the monotonic increase of stiffness with the
69

SiC content revealed that the elastic deformation of high volume fraction Mg/SiC
nanocomposites is similar with the traditional MMCs. The results also indicated that
both the refined grain size of Mg matrix and the volume fraction of nano-sized SiC affect
the strain rate sensitivity of Mg/SiC nanocomposites.
In summary, the microindentation tests revealed abnormal mechanical behavior
of high volume fraction Mg/SiC nanocomposites. Most importantly, explanation of such
a behavior using the currently available mechanisms for deformation/strengthening
needs further in-depth fundamental studies.
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CHAPTER FIVE: QUASI-STATIC AND DYNAMIC COMPRESSION
5.1 Introduction
Compression testing is widely used to determine the stress-strain behavior of
materials under compressive loading. The split Hopkinson bar test is the most
commonly used method for determining the material properties at high strain rates,
which is different from the traditional quasi-static compression. A recently published
monograph by Chen and Song

185

describes the details of this system, including the

working principle, data processing, system design as well as precautions. Concise
descriptions and discussions of this technique have been provided by Follansbee 186 and
Nemat-Nasser 187. Figure 26 is a schematic of such a system. Briefly, in this experiment,
the specimen is sandwiched between two elastic bars made of the same high-strength
alloy steel and of the same diameter, called the input (or incident) bar and the output
(or transmitter) bar, respectively.

Figure 26: Schematic of a desk-top compression Kolsky bar system (or Split-Hopkinson
Pressure Bar (SHPB)), with the major components shown. The catcher is
made of lead to absorb the momentum of the trap.
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When a projectile (or bullet, also made of the same material as the input/output
bars and of the same diameter) is launched by releasing the pressurized gas from the
gas tank, it impacts the input bar where a stress wave is generated, which then travels
down the input bar. At the interface between the input bar and the specimen, part of
the stress wave is transmitted to the specimen, and part of it is reflected back into the
input bar. The stress wave within the specimen continues to travel back and forth within
the specimen until equilibrium is reached. The specimen will be deformed plastically
under proper conditions. Also, a part of the stress wave is transmitted into the output
bar. Strain gauges are attached both to the input and output bars to capture the stress
wave signals which are recorded by a high-speed multichannel oscilloscope. By
processing the reflected and transmitted stress wave signals, dynamic stress strain
curves can be obtained which provide faithful and valuable high-strain rate mechanical
properties of the specimens. Since its advent, Kolsky bar has become a powerful tool for
the evaluation of dynamic mechanical properties of various materials 185. While its most
common use is to measure the dynamic response of specimens at ambient temperature
and ~103 s-1 strain rate, many variations have been developed for examination at higher
strain rates 188 and different temperatures 189.
In this chapter, we investigate the effect of refined grain size of matrix and
different volume fractions of the nanoparticles on the mechanical properties of the
MMNCs. The quasi-static and high-strain rate (dynamic) mechanical properties of the
processed Mg and Mg/SiC nanocomposites are examined. The fracture morphologies of
the Mg/SiC nanocomposites have also been explored. We have paid special attention to
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the strengthening mechanisms in Mg/SiC nanocomposites, and suggest that the
currently available models in the literature fail to provide a satisfactory explanation for
the experimental results obtained in this work.

5.2 Experimental Procedure
5.2.1 Quasi-static Compression
Quasi-static (strain rate ~10-3 s-1) mechanical properties of Mg and the high
volume fraction Mg/SiC nanocomposites (MMNC) have been evaluated under uniaxial
compressive loading conditions. The same volume fraction Mg/SiC composites (MMC),
with 18 μm SiC particles as reinforcement, were also studied for comparison. We used
the MTS 810 servo hydraulic system to perform the quasi-static compression
experiments. The specimens were of rectangular shape with square loading faces. The
dimensions of the quasi-static specimens were 2.50 mm × 2.50 mm × 5.00 mm (5.00 mm
is the gauge length). Both the loading faces and side faces were polished before
mechanical loading. We applied lubricant between the loading faces and the
compression platens to mitigate friction. The strain rate was controlled by the crosshead
speed. The loading frame has a self-alignment feature. The strain was calculated based
on the displacement of the crosshead and therefore we did not attempt to derive the
elastic modulus from such quasi-static compression tests due to the machine
compliance issue.
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5.2.2 Dynamic Compression
We used a compressive Kolsky bar system, which employs stress wave loading to
load the specimen, to evaluate the mechanical properties of Mg, the processed Mg/SiC
nanocomposites (MMNC) and Mg/SiC composites (MMC) at high strain rates. The
dimensions of the dynamic specimens were 2.50 mm × 2.50 mm × 2.00 mm (2.00 mm is
the gauge length). A lubricant was applied between the bars and the specimen
interfaces to minimize/avoid friction. The dynamic response of the specimens at
ambient temperature and about ~103 s-1 strain rate was recorded.

5.2.3 Fracture Morphology
In order to investigate the fracture process of the Mg/SiC nanocomposite
samples, we have performed detailed SEM analysis of the fracture surfaces of the
Mg/SiC nanocomposite samples with different volume fractions of the nano-particle SiC
phase. Since the dynamic samples were all pulverized upon high-strain rate compression,
in what follows, we will focus on the quasi-static samples.

5.3 Results
5.3.1 The Effect of Refined Grain Size of Matrix
Figure 27 presents the representative quasi-static stress-strain curves of the asreceived and milled Mg. In this plot, PD stands for “pressing direction”, indicating that
the loading direction during mechanical testing is along the hot-pressing direction
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during materials processing. The increased compressive plasticity, or malleability, can be
observed for the ball-milled Mg samples. At the same time, the milled Mg indicated
much higher strength than the as-received Mg. During the quasi-static compression,
work hardening of the as-received Mg was insignificant when the true strain was higher
than about 1%. The quasi-static behavior of the as-received Mg was considered as
elastic-perfectly plastic. However, the strength of the milled Mg decreased quickly as
the strain increased after the initial work-hardening stage, and then the slope reached a
plateau, which could be attributed to the dynamic balance between work hardening and
strain softening.

Figure 27: Quasi-static true stress vs. true strain curves of the as-received and milled Mg
under PD loading. PD means the loading is in the hot pressing direction.
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Due to the asymmetric stress distribution of the material during the hot-pressing
consolidation process, the density and microstructure of the product may be anisotropic,
leading to anisotropic mechanical behavior. In view of this, we have also tested samples
in the radial direction. The letters RD will be used to mark the radial direction loading in
the following description. Figure 28 shows the representative quasi-static stress-strain
curves of the as-received and milled Mg under the RD loading. It showed a trend similar
to that with PD loading. The strength of the as-received and milled Mg under RD loading
are similar to those for the PD loading status. In addition, the samples that under RD
loading exhibited equivalent malleability. It should be noted that all the tested samples
failed during quasi-static compressive loading.

Figure 28: Quasi-static true stress vs. true strain curves of the as-received and milled Mg
under RD loading. RD means loading is in the radial direction.
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The representative high strain rate true stress-true strain curves of the asreceived and milled Mg are plotted in figure 29. The loading direction for the high strain
rate compression was in the hot-pressing direction. It indicates that under dynamic
loading, all the samples were more brittle and show less plastic deformation.
Additionally, comparing with the as-received Mg, milled Mg exhibited decreased
malleability, which was remarkably lower than under quasi-static loading. However,
work hardening was greater than in the samples under quasi-static loading.
Consequently, the ultimate strength (or peak stress) of the as-received Mg and milled
Mg were about twice as the samples under quasi-static loading. Moreover, the strength
of the milled Mg was higher than the as-received Mg. All the samples under dynamic
test failed into two pieces.

Figure 29: True stress vs. true strain curves of the as-received and milled Mg under high
strain rate testing.
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The quasi-static yield strength (YS) and compressive ultimate strength (CUS), as
well as the dynamic (DY) compressive ultimate strength (or peak stress) were compared
for the as-received and milled Mg. Figures 30 shows that the dynamic compressive
ultimate strength is much higher than the quasi-static yield strength and compressive
ultimate strength of the as-received and milled Mg. It also shows that ball milling of the
pure Mg-powder dramatically increased the quasi-static yield strength and maximum
stress, as well as the dynamic peak stress.

Figure 30: Yield strength (YS) and maximum stresses (compressive ultimate stress—CUS)
of the as-received and milled Mg under quasi-static and high strain rate
compression. QS means quasi-static loading. DY means dynamic loading. All
the samples were loaded in the hot-pressing direction (PD).
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5.3.2 The Effect of Ceramic Particle Reinforcements
Figure 31 displays the representative quasi-static stress-strain curves of the
Mg/SiC nanocomposites (MMNC), along with the Mg/SiC composites (MMC) control
samples. In this plot, the last capital letter of the legend of each sample, M or N, means
the sample is either the MMC (M) or MMNC (N). It can be observed that for the nanocomposites, the compressive plasticity, or malleability, of the samples decreased with
increasing volume fraction of the SiC nano-particles. The Mg/SiC nanocomposite sample
with the lowest volume fraction of SiC (5%) exhibited the lowest strength. The
10 vol.% SiC MMNC sample showed much higher strength than the 5 vol.% SiC sample.
However, further increase in the SiC volume fraction did not exhibit any further increase
in the strength of the Mg/SiC nanocomposites, and consequently the strength of the
Mg-15 vol.% SiC MMNC sample was lower than that of the Mg-10 vol.% SiC MMNC
sample. Possible reasons for this will be provided in a later section. This is in sharp
contrast with the conventional MMC as suggested by the stress-strain curves in
Figure 31. With an increase in the volume fraction of the SiC particles, the strength of
the conventional MMC keeps on increasing, showing no sign of saturation. Overall, the
malleability of the Mg/SiC nanocomposite samples is improved in comparison with their
conventional MMC samples of the same volume fraction of the reinforcement phase.
However, all the samples exhibited quite poor malleability. It should be noted that all
the tested samples failed during quasi-static compressive loading.
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Figure 31: Quasi-static true stress vs. true strain curves of the micro- and nano-particle
reinforced Mg based composites. The curves with solid symbols are for the
conventional MMCs, while those with the open symbols are for the nanoparticle reinforced MMNCs. PD means the loading is in the hot pressing
direction.

Figure 32 shows the representative high strain rate true stress-true strain curves
of Mg-based MMNC samples along with those of the MMC controls. Again, the loading
direction is in the hot-pressing direction. It shows that under dynamic loading, all the
samples are quite brittle and show little or no observable plastic deformation. In the
Mg/SiC nanocomposite samples, the dependence of the peak stress on the volume
fraction of the nano-particle SiC exhibits similar trend to that of the quasi-static strength.
That is to say, with increased volume fraction of SiC nano-particles, the dynamic peak
stress of the Mg/SiC nanocomposites increases, but it saturates at high volume fraction,
as the peak stress of the Mg-15 vol.% SiC MMNC sample is slightly lower than that of the
Mg-10 vol.% SiC MMNC sample. Again, such behavior is in contrast with the
conventional MMC samples. We believe that the unexpected low peak stress of the
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15 vol.% SiC MMC sample is due to the early failure of this sample. All dynamically
loaded MMC and MMNC samples were pulverized.

Figure 32: High strain rate true stress-strain curves of the Mg-based composites. The
solid symbols are for the conventional MMCs reinforced with micron-sized
SiC particles (M in the legend), and the open symbols are for the nanoparticle reinforced MMNCs (N). Since the materials are very brittle, all
samples pulverized upon high-strain rate loading. In these samples, only the
peak stresses are used to indicate the dynamic strength of the samples.

To facilitate comparison among the samples, we have collated the quasi-static
yield strength (YS) and compressive ultimate strength (CUS), as well as the dynamic (DY)
compressive ultimate strength (or peak stress). Figures 33 (a) and (b) show the
compressive quasi-static (QS) yield strength and CUS and the dynamic CUS as a function
of the volume fraction of the β-SiC particles for the Mg-based MMC controls and the
MMNC samples, respectively. All samples were loaded in the pressing direction. In these
two plots, below the abscissa, 5%, 10% and 15% are the volume fractions of the SiC
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reinforcements. Figure 33 (a) suggests that the strength of the conventional Mg-based
MMCs increases almost linearly with the volume fraction of the micron-sized SiC
particles. The leveling off of the dynamic peak stress of the conventional MMC at higher
SiC volume fraction might be due to the early failure of the specimen under dynamic
loading. On the other hand, for the Mg/SiC nanocomposites, all strength values saturate
at high SiC volume fractions. Figure 33 (b) shows that the QS yield strength, the QS and
dynamic CUS of the 15 vol.% SiC MMNC samples are all lower than those for the
10 vol.% SiC MMNC samples. It then means that strength of the SiC nano-particles
saturates beyond 10 vol.%.

Figure 33: Yield strength (YS) and maximum stress (compressive ultimate stress—CUS)
of the conventional Mg-based MMC reinforced with micron-sized particles
samples (a) and those Mg-based MMNC samples reinforced with nanoparticles of SiC (b). DY means dynamic loading. All samples were loaded in
the hot-pressing direction (PD). 5%, 10% and 15% are the volume fractions of
the reinforcement phase.
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It is interesting to notice from a comparison between Figure 33 (a) and
Figure 33 (b) that, under uniaxial quasi-static compressive loading, the strengths of the
Mg/SiC nanocomposite samples with 5 vol.% β-SiC nano-particles are almost the same
as those of MMC with the same volume fraction of micron-particles of SiC. However, at
10 vol.% SiC, the strength of the Mg/SiC nanocomposites surpasses those of the MMCs
(see Figure 31). However, as the volume fraction of the β-SiC phase is increased to 15
vol.%, the strength of the Mg/SiC nanocomposite sample is lower than those of the
MMCs. In other words, this indicates that the strengthening effect of the nano-particle
SiC reinforcement has reached its limit somewhere between 10 and 15 vol.%, as we
have mentioned previously. On the other hand, the high-rate strength or peak stress
values of MMNC samples are higher than those of the MMC samples for all the volume
fractions of the SiC phase. This observation suggests that the nano-particles of SiC are
more effective in strengthening the Mg matrix at dynamic loading rates. In other words,
the MMNC samples show stronger rate dependence than the MMC samples.
To evaluate the anisotropic mechanical behavior of these materials, the samples
were tested under radial direction loading. Figure 34 displays the collection of quasistatic strength data in the pressing direction and radial direction. Figure 34 (a) indicates
that for all the compositions, the conventional Mg-based MMC samples are stronger in
the pressing direction than in the radial direction. The MMNC samples exhibit a similar
trend in figure 34 (b).
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Figure 34: Comparison of the strength of the conventional Mg-based MMC samples (a)
and the nano-particle reinforced Mg-MMNC samples (b) between the
pressing direction and radial direction. In either case, the PD samples are
consistently stronger than their RD counterparts, indicating some anisotropy
in the mechanical properties of the hot pressed materials.

5.3.3 Fracture Morphology of Mg/SiC Nanocomposites
Figure 35 displays SEM images of the fracture surface of a representative
Mg-5 vol.% SiC MMNC sample, which broke into several pieces. We have partially
recovered the specimens and have put the broken pieces together, with an example
displayed in Fig. 35(a). This image shows that the cracks are off-axis and that they might
have been initiated from the specimen corners. These cracks are unlike the cracks seen
in completely brittle materials such as ceramics where axial cracks prevail under uniaxial
compression. No additional macro-cracks are visible from the low-magnification SEM
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micrograph. An enlarged view (Fig. 35 (b)) shows a few micro-cracks on the fracture
surface. Figure 35 (c) displays multiple micro-cracks.

a

b
a

c
a

Figure 35: (a) Low-magnification SEM micrograph of the fractured specimen of
Mg-5 vol.% SiC MMNC partially recovered after quasi-static loading. The
sample was broken into several pieces. Loading was roughly in the vertical
direction. This low-magnification SEM image reveals off-axis cracks,
presumable initiated from the specimen corners. (b) Medium-magnification
SEM micrograph of the same sample, showing micro-cracks on the fracture
surface. (c) High-magnification SEM micrograph of multiple micro-cracks. All
images show minor evidence for ductile fracture.

Figure 36 (a) is a low magnification SEM image of a partially recovered quasistatic sample of Mg-10 vol.% SiC MMNC. Again, off-axis cracks are identified, similar to
those observed in the previous sample. It appears that the sample was fractured along a
major plane, as a primary crack can be observed at the top left corner of the specimen.
Figure 36 (b) presents an enlarged view of the primary crack.
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Figure 36: (a) Low-magnification SEM of a fractured sample of Mg-10 vol.% SiC MMNC
partially recovered after quasi-static loading. Loading is roughly in the
vertical direction. (b) An enlarged view of the fracture surface to show the
macro-crack. Loading was in the horizontal direction in (b). No strong
evidence for ductile fracture can be found in this sample.

Figure 37 (a) is the SEM image of a partially recovered quasi-static Mg-15 vol.%
SiC MMNC. In this case, more or less axial cracks are present, similar to very brittle
materials under uniaxial compression. The sample was broken into several pieces upon
quasi-static compression. The fracture surface appears flat. At relatively high
magnification, numerous cracks can be seen in Fig. 37 (b). Figure 37 (c) shows cracks and
crack branching in this sample. No evidence of ductile fracture can be found in this
sample. Figure 37 (d) is a high magnification micrograph of a local region. The bright
particle marked by the black arrow seems to be the SiC phase. This is because
considerable charging was observed during SEM analysis, indicating that this particle is
insulating, and suggests that it is indeed the SiC phase. This SiC particle is about 1.0 μm
in size. Therefore, we can reasonably believe that such particles can play as stress
concentrators, leading to crack initiation during mechanical loading.
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Figure 37: (a) Low-magnification SEM image of specimen of Mg-15 vol.% SiC MMNC
partially recovered after quasi-static loading. Loading is roughly vertical. The
sample was broken into a few pieces upon quasi-static compression. The
fracture surface is quite flat, and typical of brittle fracture. (b) An enlarged
view of the fracture surface, showing cracks on the surface. (c) Cracks and
crack branching in this sample. (d) A high magnification SEM micrograph.
The arrow points to a particle of size close to 1.0 μm. The light (bright)
contrast of this particle comes from charging of the insulating SiC phase.

5.4 Discussion
5.4.1 Inter-particle Spacing
It is well known that the mechanical properties of structural materials are
determined by their microstructure. Particularly, for discontinuously reinforced MMCs,
mechanical properties are dependent on the type, size, volume fraction and geometrical
shape of the reinforcing particles

20, 135, 150, 190, 191, 192, 193, 194
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. The microstructure of a

discontinuously reinforced MMC can be characterized by the following parameters: the
average particle size (d), volume fraction of the particles (fv), and the average interparticle spacing (), which is also the thickness of the metallic ligament between the two
neighboring particles.
According to Equation (1) and the average particle size (~14 nm) as shown in
Figure 14 (a) for the 5 vol.% MMNC, the calculated inter-particle spacing is ~24 nm,
which is about half the measured inter-particle spacing (~45 nm) as shown in Figure 14
(b). Han and Dunand 195 used the Hellman-Hillert approach to calculate the inter-particle
spacing as follows:

  1.8 

d
.
f v1/3

(12)

This equation results a calculated inter-particle spacing of ~68 nm, which overestimates
the inter-particle spacing compared to the measured result. Yet from the Humphrey
estimation,
1/3

 1  fv 
 d

 fv 

,

(13)

the calculated inter-particle spacing is ~37 nm, still slightly underestimating the interparticle spacing between the SiC nano-particles. Finally, based on a simple geometrical
model, Han and Dunand derived the following equation 195,

  1.12 

d
.
f v1/3

(14)

Using Equation (14) for our experimental results, the calculated inter-particle spacing is
~43 nm. This result is the one, which is in close agreement with the experimentally
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measured inter-particle spacing. However, this agreement appears fortuitous. We
believe that the calculated results should be taken as significant in a statistical sense.
Each equation has its own assumptions and the geometrical model, which simplifies the
analytic derivation, only approximates the experimental scenario. Another point of
importance is that clustering of the nanoparticles prohibits accurate theoretical
calculations of the inter-particle spacing, since each of the above formulas assumes a
single value particle size, and allows no consideration of the clustering effect.
Application of the above equations to the Mg-based MMNCs reinforced with 10
and 15 vol.% SiC nanoparticles should result in further reduced inter-particle spacing
values. For example, the Han-Dunand equation ((Eq. (14)) gives the inter-particle
spacing as ~33.8 nm and ~30 nm for the 10 and 15 vol.% SiC nanoparticle reinforced
MMNCs, respectively (assuming ~14 nm for the average nanoparticle size), close to the
experimental results based on TEM measurements.
Both experimental results and calculations indicate that the inter-particle
spacing of the SiC nano-particle reinforced Mg-based MMNCs of this work is below 50
nm, which is in the true nanometer regime. Apparently, such inter-particle spacing will
lead to similar effective grain size of the Mg-matrix phase, and will impart strong effect
on the mechanical behavior of these Mg/SiC nanocomposites in terms of the
strengthening mechanisms.
5.4.2 Strengthening Mechanisms
As mentioned previously, some strengthening mechanisms have been proposed
for discontinuously reinforced MMNCs with nano-sized ceramic particles. For pure Mg,
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the Hall-Petch relation in the literature is based on powder metallurgy processed
samples 196, and consists of three regimes. In the first regime, a steep Hall-Petch relation
is observed with a large Hall-Petch coefficient in the order of ~13 GPa.nm1/2. However,
this behavior levels off when the grain size is smaller than 1000 nm, and in this second
regime, the Hall-Petch coefficient is only in the order of 1.16 GPa.nm1/2, which is one
order of magnitude smaller than that of the first regime. When the grain size is below
100 nm, the grain size effect enters into the third regime where an inverse Hall-Petch
relation is observed in the powder metallurgy processed monolithic magnesium. While
it is possible that artifacts may exist in such experimental results from porosity, poor
inter-particle bonding, and so on, it is also highly possible that such behavior represents
the intrinsic properties of monolithic magnesium based on the following reasons. First,
as the authors have observed, the strain rate sensitivity (SRS, defined as m   ln 

 ln 

,

where is the yield or flow stress and  is the imposed strain rate) of monolithic Mg
increases almost in a manner of the Hall-Petch relation, viz. m is nearly proportional to
the inverse square root of the grain size. When the grain size is ~50 nm, the SRS is about
0.1, suggesting that plasticity other than dislocation mechanisms is operating, including
grain boundary sliding 197, grain boundary shuffling 198 and grain rotation 199, and so on.
This can be understood based on the fact that the melting point of monolithic
magnesium is only 923 K, and room temperature (300 K) translates to 1/3 of the melting
point of Mg. Therefore, grain boundary activities can prevail in nanocrystalline Mg to
accommodate plastic deformation, which brings about the inverse Hall-Petch effect in
the nanocrystalline regime. Based on this reasoning, we believe that grain size
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refinement after milling dramatically increased the strength of Mg. However, in the
nanoparticle reinforced Mg/SiC nanocomposites, it will not benefit much of the
strengthening base on the milled Mg, as the inter-particle spacing is smaller than 50 nm,
which happens to be in the third regime of the grain size effect of the monolithic Mg.
We can also argue alternatively in that dislocation pile up within such small space is
practically impossible, as pointed by Groh and co-workers 200.
The above discussion rules out the dislocation mechanisms, either geometrically
necessary dislocations (GNDs) from thermal mismatch between SiC and Mg, or
dislocation pile ups due to grain refining in the presence of the SiC nanoparticle, to
contribute significantly to the strengthening of the Mg/SiC nanocomposites of this work.
It also helps us to understand the leveling off of volume fraction effect when fv is larger
than 10%.
When dealing with the effect of nano-sized particle dispersion, the most
important contribution to the strength increase due to the presence of the reinforcing
particles, is the Orowan stress as in Eq. (2). Using the parameters of Mg (shear modulus
16.6 GPa, Burgers vector 0.321 nm), and the measured inter-particle spacing for 5 vol.%
MMNC, the Orowan stress contribution is ~124 MPa. However, from Equation (1), we
can see that for a given volume fraction, the inter-particle spacing should decrease with
decreasing particle size in a linear fashion. Or for a given particle size, the inter-particle
spacing will decrease with increased particle volume fraction. This will in turn increase
the Orowan stress. That means, according to this contribution, for the Mg-based MMNC
considered here, increased vol.% of the SiC nano-particles should lead to increased
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strength, which is not the case as the strengthening effect levels off when vol.% of the
SiC nano-particles exceeds 10%.
Another important contribution to the strengthening in the MMNCs is the
statistically stored dislocations (SSD) due to, for example, the thermal mismatch
between the particle and the metal matrix, which has the form as Eq. (5). Based on
Eq. (6), the density of SSD in the Mg-matrix due to thermal mismatch is 8.95 X 1014 m-2,
which when put into Eq. (5) yields a stress increase in the amount of ~206 MPa
(temperature drop ~250K, the parameter is chosen so that the upper temperature at
which dislocation punching is assumed to begin is Tmax = 550 K, corresponding to a
homologous temperature of ~0.60; CTE of Mg ~29.9 X 10-6 K-1; CTE of SiC ~4.5 X 10-6 K-1).
Again Eq. (6) shows that the SSD density increases with increasing particle volume
density for a given particle size, which translates to increased strength from equation (5).
This again is inconsistent with our experimental results at relatively high vol.% of the
nanoparticles.
Assuming all the above mechanisms are functioning simultaneously, we still have
at least two ways to consider their contribution to the total strengthening effect in the
MMNC. The first approach is adopted by Han and Dunand 195 who just added up all the
terms. Based on this, the total strengthening effect adds up to
m
m
m
.
 Total
  Or
  CTE

(15)

This result (Table 7) leads to a total strengthening effect of ~ 331 MPa. Adding this to
the base strength of the as received, pure Mg, we have a yield strength of 501 MPa for
the 5 vol.% MMNC, which is much larger than the experimental result (Fig. 33 (b)).
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When using Eq. (15) to predict the compression yield stress, this upper bound should be
multiplied by the asymmetry ratio, which is unknown for Mg/SiC nanocomposites. Han
and Dunand

195

used 0.75 for their extruded Mg-based composites, and 0.85 for their

cast Mg-based composites. We assume a value of 0.8 for Mg/SiC nanocomposites. Then
the calculated yield stress (Table 7) for the 5 vol.% MMNC is in good agreement with the
experimental results (Fig. 33 (b)).

Table 7: Strengthening effect estimations from the arithmetic sum.
m
 Or

m
 CTE

Eq.15
 Tot

 ya 2

8.95

MPa
124

MPa
207

MPa
331

MPa
400

34

26.7

157

357

514

29

42.4

184

450

634

Vol.%


nm

 (m )
14
x10

5

43

10
15

-2

3

Nardone Eqn.
MPa

Exp. σy
MPa

410

400

547

574

539

643

691

530

1

The inter-particle spacing is based on the Han and Dunand formula (Eq. (14) of this
work).
Eq.15
2
 ya is the sum of  Tot
and the yield strength of the un-reinforced Mg (~170 MPa),
3

then times the asymmetry ratio 0.8.
The experimental results of the yield strengths of various MMNCs are from Figure 33.

Another approach is to take the quadratic sum of the above contributions, as
Habibnejad-Korayem and co-worker 68 did in their work. In this case, we have
m
m 2
m
( Total
)2  ( Or
)  ( CTE
)2

.

(16)

Based on Eq. (16), the total strengthening effect can then be calculated to be in
the order of ~241 MPa (Table 8). This value is significantly smaller than the result from
Eq. (11). However, if this is combined with the base strength of pure Mg, the total yield
strength is calculated to be ~410 MPa (Table 8), which is in good agreement with the
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experimental results (Figure 33 (b)), as well as the prediction from Eq. (15). We presume
that the good agreement of Eq. (16) with the experimental results of the 5 vol.% MMNC
might be fortuitous as application of these mechanisms gives misleading results for the
Mg/SiC nanocomposites with higher volume fraction of the nanoparticles.

Table 8: Strengthening effect estimations from the quadratic sum.
Eq.16
 yq 1
Nardone Eqn.
 Tot

2

MPa
411

MPa

5

MPa
241

Exp. σy
MPa

420

400

10

390

560

588

539

15

486

656

705

530

Vol.%

1

Eq.16
 yq are the sum of  Tot
and the yield strength of the un-reinforced Mg (~170 MPa).

2

The experimental results of the yield strengths of various MMNCs are from Figure 33.

One more strengthening mechanism in MMCs has often been undermined in the
community, which is the load sharing or load transfer from the soft matrix to the more
rigid ceramic particles during mechanical loading. Nardone and Prewo167 have shown
that this shear-lag model can predict the yield strength of certain discontinuously
reinforced aluminum (DRA) in good keeping with experimental results. However, a clear
guidance as to how to choose the yield strength of the matrix material is yet needed.
Basically, we are left with two choices. The first option is to use the yield strength of the
un-reinforced matrix material in its annealed state. With this choice, the calculated yield
strength of the composite with 5 vol.% SiC nanoparticles, according to the result of
Figure 33 of this work, is only ~174 MPa, which is only about one-half of the measured
yield strength of the MMNC in question. The second option is to use the yield strength
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of the reinforced matrix. We believe it is more reasonable to use the yield strength of
the matrix in the presence of the reinforcing particles as that is the actual yield stress
during loading. We can use an indirect method to derive the yield strength of the
reinforced matrix. This is achieved by adding the strengthening effects from the
Orowan mechanism, geometrically necessary dislocations, and so on, as we have
discussed previously, to the yield strength of the un-reinforced Mg (~170 MPa from
Fig. 33). This will lead to a yield strength value of ~400 MPa for the matrix in the MMNC
with 5 vol.% SiC nanoparticles. Then the Nardone formula of (13) gives yield strength for
the composite in the amount of 410 MPa. This value is in good agreement with the
experimentally measured yield strength of the 5 vol.% reinforced MMNC (Figure 33).
If the above methods are used for all the volume fractions studied in this work,
we have the results as shown in Tables 7 and 8. It shows that arithmetic sum method
provide the close prediction of the yield strength of the SiC nanoparticle reinforced Mgbased MMNC at 5 and 10 vol.% of SiC, neither the arithmetic sum nor quadratic sum can
give good prediction at higher volume fractions of the SiC phase. What is more, both
models fail to account for the inverse volume fraction effect when the vol.% of SiC is
greater than 10%.
We should point out the in the above discussion that we have not considered the
grain size refinement effect on the yield strength of the Mg-matrix. According to Choi
and co-workers

196

, and Hwang and co-workers

201

, we can establish an inverse Hall-

Petch relation for pure Mg for grain size smaller than 100 nm, as follows:

 y  437.0  1760  d 1/2 .
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(17)

In Eq. (17), the yield strength is in MPa, and the grain size (d) is in nm. For the Mg/SiC
nanocomposites of this work, it is difficult to obtain an accurate evaluation of the grain
size of the Mg matrix. As a reasonable approximation, we use the inter-particle spacing
(Table 7) for the matrix grain size d. Then according to Eq. (17), as the inter-particle
spacing is reduced from 34 nm (for 10 vol.% SiC) to 29 nm (for 15 vol.% SiC), there is a
drop in the order of ~20 MPa in the yield strength, which may partially explain the
strength decrease in the Mg/SiC nanocomposites with higher volume fraction of SiC
nanoparticles. All the above discussions are based on the dislocation mechanism. The
twinning effect and the interaction between twinning and particles, even the interaction
between dislocations and twins possibly make contributions to Mg/SiC nanocomposites.
However, the exact underlying mechanisms causing this strength drop call for further
investigation.

5.4.3 Deformation Mechanisms
The next issue of interest is the deformation mechanism of Mg/SiC
nanocomposites. Strain softening of pure Mg at low strain rates has been observed in
Fig. 27, which can be explained by the compression/tension asymmetry which is a wellknown phenomenon in magnesium

126

due to slip on basal planes in textured

microstructure at room temperature. The compression/tension asymmetry is also
affected by grain size, the asymmetry ratio, defined as the ratio of compressive yield
stress to tensile yield stress, will increase as the grain size decreases 126. As the case of
dispersion-strengthened-cast magnesium 149, the basal planes could be oriented parallel
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to the loading direction in the Mg samples, and there should consist of both microtwinning and basal slip during plastic deformation at the early stage of the compressive
deformation of consolidated Mg. When micro-twinning takes place, textured basal slip
systems gradually adjust their orientations to deviate from the loading direction and
start to slip such that dislocations annihilate and strain softening occurs. However, the
basal planes could not be oriented parallel to the loading direction in the Mg/SiC
nanocomposites due to the effect of ceramic particles. Hence, strain softening was not
observed in the Mg/SiC nanocomposites. Additionally, twinning plays an important role
on high strain rate deformation of Mg and its alloys, possibly causing the absence of
strain softening during the dynamic compression test.
The rate dependence of the Mg/SiC nanocomposites is attractive. Even though a
more detailed investigation is needed to provide a more accurate examination of the
strain rate sensitivity (SRS) of the Mg/SiC nanocomposites of this work, through
experiments such as strain rate jump test, stress relaxation or instrumented
nanoindentation 197, 202, we can still obtain approximate values of the SRS based on our
quasi-static and dynamic mechanical testing results. Toward this, we use the popular
definition of SRS as follows:
m

 ln   ln  ln  2  ln  1
.


 ln   ln 
ln  2  ln 1

(18)

From Eq. (18) and the experimental results (Figure 32), the SRS values for all three
Mg/SiC nanocomposites of this work are very close to 0.03. This is much smaller than
the SRS values obtained for 100 nm grain size pure Mg (~0.3) by Trojanova and co-
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workers

203

and the 45 nm grain size pure Mg (~0.6) by Hwang and co-workers

large SRS values of nanocrystalline pure Mg obtained by Trojanova et al.

203

201

. The

and Hwang

et al. 201 strongly suggest that grain boundary activities are prevalent in accommodating
the plastic deformation in nanocrystalline Mg at room temperature. On the other hand,
the small SRS obtained in our study on Mg/SiC nanocomposites indicates that the
deformation behavior of Mg/SiC nanocomposites is quite different from pure
nanocrystalline Mg, and some other mechanisms are yet to be uncovered. The presence
of the SiC nanoparticles may play an important role that leads to this difference.

5.5 Concluding Remarks
The effect of micro- and nano- reinforcements on the mechanical properties of
Mg-based metal matrix composites was investigated under quasi-static and dynamic
loading rates and the underlying mechanisms were discussed in the present work. The
following conclusions were drawn based on the experimental results and the discussion
of this study.
All the Mg/SiC nanocomposites exhibit considerably increased strength
compared to the monolithic magnesium, indicating strong strengthening effect from the
SiC nanoparticles. However, when the volume fraction of the SiC nanoparticles is greater
than 10%, the strengthening effect levels off, and an inverse volume fraction effect
emerges. No significant plastic deformation is observed in the Mg/SiC nanocomposites
under either quasi-static or high-strain rate uniaxial compression.
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The modified shear-lag model suggested by Nardone and Prewo provides quite a
close prediction of the yield strength of the MMNC with low SiC volume fractions.
However, neither the dislocation-based models nor the modified shear-lag model can
give close estimation of the yield strength of MMNC with larger SiC volume fractions. In
particular, the existing models fail in predicting the inverse volume fraction effect at
higher vol.% levels. Further efforts are needed to uncover the underlying mechanisms
responsible for such effect.
The estimated strain rate sensitivity of all the Mg/SiC nanocomposites of this
work is around 0.03, which is much smaller than that of nanocrystalline Mg with 100 nm
and 45 nm grain sizes reported earlier by others. This observation points to the strong
effect of the SiC nanoparticles on the plastic deformation of Mg/SiC nanocomposites.
However, the detailed mechanisms of the effect are yet to be uncovered.
SEM fractography indicates that large cracks exist on the fracture surface of the
Mg/SiC nanocomposites sample with the highest volume fraction of the reinforcement.
While the samples with relatively low SiC content broke into two pieces, the 15 vol.% SiC
sample broke into several pieces. The fractography observations are thus in keeping
with the quasi-static stress-strain curves which show that the malleability of the Mgbased MMNC decreases with increased volume fraction of the reinforcement. Detailed
analysis indicates that certain large size SiC particles remain in the Mg/SiC
nanocomposites, which may be responsible for the low malleability of the samples. Such
particles can be the stress raisers. We believe that the poor malleability of the Mg/SiC
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nanocomposites is primarily due to the clustering of the nanoparticles as well as the
large particles in the Mg/SiC nanocomposites which survive the processing.
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CHAPTER SIX: CONCLUSIONS
In summary, a homogenous distribution of the Al2O3 nanoparticles in the Mg
matrix was produced via high-energy ball milling a mixture of 70 vol.% of Mg and
30 vol.% of Al2O3 powders. We also evaluated the phase evolution and their distribution
of Mg/Al2O3 nanocomposites as a function of the milling time. It was noted that the Mg
and Al2O3 phases were present in the as-milled powder, as well as a small amount of the
MgO phase with the exchange reaction partially occurring between Mg and Al 2O3. All
the phases had nanometric dimensions as a result of milling. The exchange reaction
between Mg and Al2O3 had occurred to a large extent resulting in the formation of Al
and MgO phases, after annealing the milled powder for 30 min at 600 oC. In particular,
the reaction between Al and un-reacted Mg led to the formation of Mg-Al intermetallics.
The SEM and EDS results indicate that a uniform distribution of the hybrid (Al 2O3 + MgO)
reinforcement had achieved after milling the powder blend for 20 h. The thermal
stability of the formed nanocomposite was evaluated by annealing the milled powders
at a high temperature. It showed high energy ball milling is a possible method to make
in-situ hybrid nanocomposites.
Mg/SiC nanocomposites with different volume fraction of reinforcements were
produced by high-energy ball milling of Mg and nanocrystalline SiC powders followed by
sub-solidus consolidation. The reinforcing ceramic nanoparticles (average particle size
~14 nm) were homogeneously dispersed within the Mg matrix. Some large SiC particles
have survived after the milling processes. The average inter-particle spacings of all the
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Mg/SiC nanocomposites are smaller than 50 nm. No significant porosity in the as
processed nanocomposites was revealed by SEM analysis. Agglomeration of the matrix
phase was observed primarily in the Mg-5 vol.% SiC nanocomposite, where TEM studies
revealed Mg-particles of ~ 100 nm or larger diameter. It appears that some large SiC
particles, with an average size greater than 100 nm, have survived after the ball-milling
process. Both diffraction analysis and EDS have confirmed the results.
The indentation testing, which was conducted on the high volume fraction
Mg/SiC nanocomposite specimens, showed that larger resistance was experienced as
the volume fraction of the nano-sized SiC reinforcement increased before the interparticle spacing shrank to the critical width, and then the increasing trend was reversed.
It indicates the Mg-15 vol.% SiC samples showed abnormal decrease in resistance. It
appears that the refined grain size of the Mg matrix showed obvious effects on the
indention testing in Mg/SiC nanocomposites. The same trend had been observed when
exploring the microhardness. However, the monotonic increase of stiffness revealed the
elastic deformation of high volume fraction Mg/SiC nanocomposites is similar with MMC.
It also indicated the strain rate sensitivity of Mg/SiC nanocomposites was affected by
the refined grain size of Mg matrix and the volume fraction of nano-sized SiC.
The mechanical properties of Mg-based metal matrix composites were
investigated under quasi-static and dynamic loading rates to reveal the effect of microand nano- reinforcements. We also discussed the underlying mechanisms in the present
work. Based on the experimental results and the discussion of this study, the following
conclusions were drawn. Compared to the monolithic magnesium, all Mg/SiC
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nanocomposites

exhibited

considerably

increased

strength,

indicating

large

strengthening effect from the SiC nanoparticles. However, when the volume fraction of
the SiC nanoparticles is greater than 10%, the strengthening effect levelled off, and then
an inverse volume fraction effect emerged Neither quasi-static nor high-strain rate
uniaxial compression tests exhibited significant plastic deformation in the Mg/SiC
nanocomposites. Additionally, the existing models failed in predicting the inverse
volume fraction effect at higher volume fraction of the reinforcement Further efforts
are needed to reveal the underlying mechanisms responsible for such effect. The
estimated strain rate sensitivity of all the Mg/SiC nanocomposites of this work was
around 0.03, which is much smaller than that of nanocrystalline Mg with 100 nm and 45
nm grain sizes reported earlier by others. The strong effect of the SiC nanoparticles on
the plastic deformation of the Mg/SiC nanocomposites was observed from the abnormal
strain rate sensitivity. However, the detailed mechanisms of the effect need further
investigation.
Large cracks existed on the fracture surface of the Mg/SiC nanocomposite
sample with the highest volume fraction of the reinforcement was confirmed from SEM
fractography. The fractography observations are consistent with the quasi-static stressstrain curves, which show that the malleability of the Mg-based MMNC decreases with
increased volume fraction of the reinforcement. We believe the poor malleability of the
Mg/SiC nanocomposites is primarily due to the clustering of the nanoparticles as well as
the large particles in the Mg/SiC nanocomposites, which survived the milling process.
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